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1
1 INTRODUCTION

1.1 PURPOSE

€.1. DuPont de Nemours & Co., Inc. (DuPont) entered into a Consent
Order on February 15, 1989 with the U.S. Environmental Protection
Agency - Region III (EPA) as operator and owner of the Experimental
Station in Wilmington, Delaware. One requirement of the Order is to
perform a RCRA Facility Investigation (RFI) for a portion of the site
to determine fully the presence, magnitude, extent, direction, and rate
of movement of any hazardous wastes and/or hazardous constituents from
the area of investigation at the facility.

This report presents the procedures, results, and findings of data
collection activities and data analysis performed for the RFI. The
data have been compiled and integrated to fully characterize the
environmental setting, source of contamination, nature and occurrence
of contamination, and potential receptors. A1l data and supporting
documentation for the findings of the RFI are included with this
report. This document is submitted as a draft final version. A final

version of the report will be prepared after comments are received from
U.S. EPA (Region III).

1.2 OVERVIEW AND SCOPE OF WORK

The scope of work performed for the RFI is in accordance with the
approved work plan and subsequent modifications proposed by DuPont and
approved by EPA. The work consisted of: (1) review of available
background information pertaining to waste handling at the facility;
(2) field investigation to characterize source areas of contamination;
(3) field investigation to characterize contaminant extent and movement
within the environment; (4) analysis of the data collected; and (5)
identification of potential receptors. The data collection program
utilized several technologies.

The source area investigation used a phased approach. Soil-gas
sampling was appiied as a reconnaissance method to identify hot spots
of soil contamination. Based on the results of soil-gas sampling, a
Phase I soil sampling program was developed. In Phase I, hand auger
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and split-spoon sampiing methods were used to collect samples. The
samples were analyzed for volatile organic compounds (VOCs) and
biphenyls. Selected samples were also analyzed for the full Tist of
Appendix IX parameters.

Due to difficulties in collecting samples at most locations by
auger techniques, a second set of soil samples was coliected from test
pits (Phase II sampling). Analytical results of Phase I samples
indicated that semivolatile compounds were generally present in the
soil at significant levels (relative to RCRA action levels) while VOC
concentrations were relatively low (except at one location south of the
present incinerator). Therefore, Phase Il soil samples were analyzed
for semivolatile compounds only. Again, selected samples were analyzed
for Appendix IX constituents.

A background records review of potential contaminant sources is
provided in Section 2. The procedures and results of the source area
investigation activities are presented in Section 3. These results
were used to characterize the environmental setting (Section 5) and to
characterize the source of contamination (Section 6.1).

The investigation of contaminant occurrence and migration from
source areas focused on two objectives: (1) characterization of the
hydrogeologic system; and (2) determination of current groundwater and
surface water quality. Field activities included:

» Fracture trace and structural analysis;
° Monitor well installation;
. Borehole surveys using geophysical and video techniques;

. Aquifer testing (slug tests, pumping tests, tracer tests);

) Groundwater monitoring (water-level and water-quality
surveys); and

o Surface water and sediment sampling.

The data from these field activities were integrated to develop a
conceptual model of groundwater flow at the site. A numerical analysis
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of the model was performed to jdentify migration pathways and
receptors.

The procedures and results of the field program are presented in
Section 4. The conceptual model and numerical analysis used to
describe the hydrogeologic setting are presented in Section 5.2 and

5.3. Findings that pertain to contaminant characterization are
discussed in Section 6.2.



4
2 GENERAL SETTING AND BACKGROUND REVIEW

2.1 SITE DESCRIPTION

The E.I. DuPont de Nemours & Company Experimental Station is
located in New Castle County, Delaware, approximately four miles
northwest of downtown Wiimington, Along Route 141. The facility is
situated in the Brandywine Valley along the banks of the Brandywine
Creek as shown in Figure 2.1. The Experimental Station is the central
research and development facility for DuPont. The site has been active
as a research facility for approximately 90 years. Prior to this, the
area along the Brandywine Creek was used in the 1800s for gun powder
manufacture by DuPont. Relic structures of these facilities are still
in existence along the river front. Presently, the facility employs
5,000 chemists, engineers and technicians dedicated to product
development and basic research.

The area of investigation is bounded by the Brandywine River to
the south. Otherwise, the area is surrounded by property owned and
controlled by DuPont.

2.2 SITE HISTORY

A brief chronoiogy of site activities associated with the recent
discovery of the soils and groundwater contamination follows:

Date Event

May - July 1986 Utility excavation in the vicinity of Building 311
reveals the presence of soils and groundwater
contamination. Duffield Associates, an
environmental consultant, performs a study which
includes the installation of monitor wells and soil
and groundwater sampling. The State of Delaware
and USEPA are informed of the findings.

April 1987 Utility excavation at the intersection of Creek and
"C" roads reveals the presence of another area of
soil contamination. Analysis of the site reveals
that the problem is probably associated with
backfill formerly placed at the site but obtained
from the incinerator area.

May 1987 DuPont informs the USEPA about the problem.
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6

June 1987 Contaminated soils from Creek Road area are removed
from the site.

February 1989 Consent Order to conduct a RCRA Facility
Investigation (RFI) at the site is signed.

December 1989 RFI begins.

In May 1986, a construction crew excavating adjacent to Building
311, DuPont’s Hazardous Waste Incinerator, encountered dark stained
soils which emitted an organic chemical odor. DuPont contracted a
Tocal Wilmington geotechnical firm, Duffield Associates, to perform an
on-site reconnaissance for organic vapors using a HNu photo-ionization
detector. On May 28 and June 2, 1986, Duffield recorded organic vapor
concentrations in and around the excavation. Maximum HNu readings
ranged from 100 to 150 ppm in the excavation around the stained soils.

DuPont conducted a file review to determine the possible source of
the stained soils adjacent to Building 311. Based on pre-1946 Plant
blueprints, a burning pit for the disposal of on-site waste was located
in this area. This pit may have received waste up until 1946. Based
on this information, DuPont believed that the soils possibly contained
Dowtherm A, a low vapor pressure, heat exchange fluid. Dowtherm A is a
mixture of diphenyl and diphenyl oxide manufactured by Dow Chemical.
Additionally, the elevated HNu readings recorded at the excavation in
May and June 1986 indicated that other more volatile compounds could
also be present in the subsurface soils.

A plan to sample and analyze subsurface soils in the vicinity of
the excavation was formulated by DuPont and Duffield Associates in June
and July 1986. Eight test boring holes were attempted in the
excavation vicinity. Due to the shallow depth to bedrock and the
possible presence of subsurface materials such as boulders and gravel,
only two of the borings {TB-C and TB-H) were able to penetrate more
than three feet into the overburden and produce soil samples.

Chemical analysis of the soil samples from Area 1 indicated the
presence of several volatile organic compounds and components of
Dowtherm A. The soil sample from Test Boring TB-H (collected at a
depth of 2.0 to 3.6 feet) had Tow leveis of volatile organic compounds
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with tetrachloroethene (9.8 mg/kg) being the only volatile organic
compound in excess of 1 mg/kg. TB-H was located approximately 40 feet
west of the original excavation.

Two soil samples were collected from Test Boring TB-C at depths of
6-8 feet and 7.5-8.5 feet below ground surface. This boring was
located adjacent to the original excavation. Several volatile organic
compounds were detected in these soil samples. Aromatic hydrocarbons,
such as ethyl benzene (10-35 mg/kg), toluene (4-11 mg/kg), total
xylenes (34-80 mg/kg), cyclohexane (7-34 mg/kg), methylcyclohexane
(2-10 mg/kg), and 1,1,2,2-tetrachloroethane (5-13 mg/kg), were
detected. In addition, the components of Dowtherm A, diphenyl
(72.8-77.3 mg/kg) and diphenyl oxide (215-223 mg/kg), were identified.
The sampling locations, boring logs, and laboratory reports of the Area
1 samples were provided to EPA with the RFI work plan (dated July
1989).

Subsequent to the analysis of soil samples, four monitor wells
were installed both upgradient and downgradient of Building 311 during
October 1986. The lack of any saturated overburden soils indicated
that groundwater flow was probably confined to bedrock fracture zones.
Therefore, the monitor wells were drilled through the overburden and
screened in competent bedrock. Groundwater samples were collected from
the wells and analyzed for volatile organic compounds and Dowtherm A.
The upgradient well, MW-1, showed no evidence of any contamination.
However, the downgradient wells (MW-2, MW-3, MW-4) all contained some
measure of volatile organic compounds or Dowtherm A. It was inferred
from these data that the source of the groundwater contamination was
the contaminated soils uncovered during the earlier investigation.

In April 1987, during the excavation of a water line along "C"
Road, approximately 220 feet west-southwest of Building 311, discolored
fill soil was discovered under a parking area (Area 2). Twenty-nine
grab samples from the excavation were collected from depths of up to
five feet below ground surface and analyzed for Dowtherm A,
trichioroethene, and tetrachloroethane. In addition, five samples were
submitted for a priority pollutant scan. Analysis of soil samples from
the excavation indicated the presence of both velatile organic
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compounds and Dowtherm A. The results of the laboratory analysis were
provided to EPA with the RFI work plan (dated July 1989).

Based on the chemical data and the physical appearance of the fill
material, the material in this excavation appeared very similar to that
found in the Building 311 excavation {(Area 1). It was believed that
backfill material from Area 1 was used during construction of the
parking Tot at Area 2.

DuPont contracted with 0.H. Materials for additional excavation
and disposal of visibly contaminated soils in Area 2. By June 1987,
180 cubic yards of material had been removed from the excavation.
However, a HNu survey of the open excavation still detected organic
vapor concentrations indicating that the full extent of the
contaminated area had not been excavated. In July 1987, DuPont, in
agreement with the USEPA, backfilled the excavation and decided to
pursue additional investigation and remedial action for Area 2 in
concert with the Area 1 investigation per a negotiated consent
agreement with the USEPA.

2.3 WASTE-HANDLING ACTIVITIES

Review of the Experimental Station files and available aerial
photographs revealed little detailed information about former site
activities that may be associated with the contamination found. The
only reference to possible original source areas is found on site
blueprints from the 1940’s. The pertinent information from these
blueprints is compiled on Figure 2.2. One site blueprint of fire
protection lines (Plate 1), dated September 9, 1941, identified three
storage areas: oil storage 166; building 23 storage; and building 235
(burning enclosure). There are no available records to indicate what
materials were stored in these areas; however, it is speculated that
machine 0il1 products were stored in building 166 and materials to be
burned at the burning ground were stored in building 235 until
transfer. Another site blueprint of a water supply lines (Plate 2),
dated June 21, 1948, shows an area identified as a "burning ground”
Just south of the burning enclosure shown on the 1941 blueprint. The
size of the burning ground, as shown on the blueprint, is approximately
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324 square feet, or 18 feet by 18 feet. Based on the available
information in the files, the area was used as a burning area for
solvents. Consequently, this area was a potential source for the
current solids and groundwater contamination in the vicinity of the
incinerator.

A base sewer and drainage map (Plate 3), originally dated November
17, 1948, and revised through November 19, 1974, provides a revision
reference on February 12, 1959, of the inclusion of an "outside sewer
drain inlet from chem burning area (former Bldg. 23)." However,
Building 23 is identified only as a storage structure on the September
1941 blueprint. No other information exists on this building and there
is no other information to indicate that a second burning area existed.
It is believed that the revision reference contains a typographical
error and is meant to identify the burning ground south of former
building 235, not building 23.

There is also little information in the site files about the
potential source area(s) for the soils and groundwater contamination
located along Creek Road, approximately 400 to 500 feet west of the
incinerator area. The September 1941 blueprint (Plate 1) shows several
buildings in that area, but the only potential source feature
identified is an 0il storage structure.

According to site files, the contamination in the Creek Road area
may be related to the placement of backfill material that may have
consisted of ash and other fi11 material obtained from the old burning
ground area. The filling of that area was probably associated with the
demolition and removal of building 255, which apparently occurred
sometime between 1948 and 1955, according to blueprint information.
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3 FIELD INVESTIGATION OF SOURCE AREAS

3.1 SO0IL GAS SURVEY

3.1.1 Introduction

On November 28 and 29, and December 5, 1989, TARGET Environmental
Services, Inc. conducted a soil gas survey at the DuPont Experimental
Station. A detailed report (prepared by TARGET) of the data collection
procedures, analytical procedures, and results is provided in

Appendix A. The discussion below summarizes the findings of that
report.

3.1.2 Field Procedures

Soil gas samples were collected at a total of 45 locations at the
site, as shown in Appendix A (Figure A-1).

To collect the samples, a %-inch hole was advanced to a depth of
approximately four feet by a drive rod. Where pavement was present, an
electric hammer drill was employed for penetration prior to using the
drive rod. Prior to sampliing, the entire system was purged with
ambient air drawn through a dust and organic vapor filter cartridge. A
stainless-steel probe then was inserted to the full depth of the hole
and sealed off from the atmosphere. A sample of in-situ soil gas was
withdrawn through the probe and used to purge atmospheric air from the
sampling system. A second sample of soil gas was withdrawn through the
probe and encapsulated in a pre-evacuated glass vial at two atmospheres
of pressure (15 psig). The self-sealing vial was detached from the
sampling system, packaged, labeled, and stored for laboratory analysis.

A1l of the samples collected during the field phase of the survey
were analyzed according to EPA Method 601 on a gas chromatograph
equipped with an electron capture detector (ECD), but using direct
injection instead of purge and trap.

3.1.3 Summary of Results
The primary volatile halocarbon detected at the site is trans-1,2-
dichloroethene (t-1,2-DCE), and the highest concentrations (>100 gg/L)
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were observed in the northwestern portion of the surveyed area. More
moderate concentrations (8-25 xg/L) occurred in the southeastern corner
of the site. Moderate levels of tetrachloroethene (PCE) and
trichloroethene (TCE) were also detected in these areas as well as
areas south of the incinerator and along the western portion of Creek
Road. A low-level anomaly of TCE (1-5 pg/L} occurred near the tanks at
the northern end of the site. Very low levels (0.1-1 pg/L) of
chloroform, 1,1,1-trichloroethane (1,1,1-TCA), carbon tetrachloride,

and 1,1,2,2-tetrachloroethane (TECA) were present in scattered areas of
the site.

3.2 SOIL SAMPLING

3.2.1 Phase I Sampling

3.2.1.1 Soil Sample Locations

Locations for Phase I soil sampling were based on the results of
the soil gas survey (Section 3.1). Initially, twenty-two locations
were selected for split-spoon sampling. An additional nine locations
were selected for sample collection by hand auger in areas that were
inaccessible to the auger rig (i.e., steep slope areas}.

A1l of the proposed hand auger samples were successfully
collected, however, only fifteen of the twenty-two propesed split-spoon
locations were sampled due to the presence of cobbles or boulders. At
these fifteen locations, ten were sampled by split spoon and the other
five locations were sampled by hand auger. Therefore, a total of
twenty-four locations were sampled; ten by split-spoon and 14 by hand
auger, The final sample locations are shown on Figure 3.1.

3.2.1.2 Sampling Procedures

Phase I soil sampling was conducted from December 11-15, 1989 in
the RFI area of investigation. Samples were collected either by hand
auger or split spoon. Table 3.1 provides pertinent information
regarding sample collection.
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Table 3.1. Record of soil samples.
Total No. of
Method Depth Split Sample
Date of of of Spoon Depth
Boring ID Completion Boring! Hole (ft) Samples (ft) Remarks
A 12/12/89 D 2 1 0-2
B 12/12/89 D 4 2 0-2
2-4
c 12/12/89 D 2 1 0-2
D 12/12/89 D 2 1 0-2 Insufficient
recovery for
complete
sample
E 12/12/89 D 2 1 0-2 Insufficient
recovery for
complete
sample
2-4
F 12/13/89 D 4 2 0-2 Insufficient
recovery for
compiete
sample
2-4
G 12/13/89 D 2 1 0-2
HA-1 12/13/89 H 1.2 - 0-1.2
HA-2 12/13/89 H 2.5 - 0-2.5
HA-3 12/13/89 H 3.3 - 0-3.3
HA-4 12/13/89 H 0.8 - 0-0.8
HA-5 12/13/89 H 1.5 - 0-1.5
HA-6 12/13/89 H 1 - 0-1
HA-7 12/13/89 H 1.5 - 0-1.5
HA-8 12/13/89 H 2.5 - 0-2.5
HA-9 12/13/89 H 1.5 - 0-1.5
H 12/13/89 D 2 1 0-2
I 12/14/89 H 4 - 0-2
2-4
J 12/14/89 H 1.5 - 0-1.5
F-A 12/15/89 D 9 5 0-2
2-4
4-6
6-8
8-9
K 12/15/89 H 2 - 0-2 Appendix IX
spl.
L 12/15/89 H 1.5 - 0-1.5
M 12/15/89 D 2 1 0-2 Appendix IX
spl.
N 12/15/89 H 4 - 0-2
2-4

'H = Hand Augered; D = Drilled
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For samples retrieved by hand auger, the following procedures were
used:

. At locations originally proposed for hand-auger sampling (HA-
1 through HA-9), the auger was advanced to a maximum depth of
40 inches or refusal. One sample, recovered from the deepest
zone, was placed immediately into sample jars, labeled, and
placed in cold storage until shipment to the iaboratory.

. At other hand-auger locations, originally planned as split-
spoon locations (e.g., I, J, K, L, N), the auger was advanced
to refusal. Samples were collected at 2-ft intervals. To
collect a homogenized sample in a manner similar to the
split-spoon technique, the sample was stored on a plastic
sheet until the interval was completed (less than 10
minutes). A volume of sampie, sufficient to fill the
containers, was placed in a stainless steel bowl and gently
mixed with stainless steel trowel. The sample was then
placed in the containers, labeied, and piaced in cold storage
until shipment to the laboratory. It should be noted that
samples were collected under near freezing or sub-freezing
conditions that minimized volatilization. Therefore, it is
unlikely that a significant loss of volatiles occurred due to
handling the sampie in this manner.

For samples retrieved by split spoon, borings were advanced using
a hollow-stem auger. Split-spoon samples were collected at 2-ft
intervals until refusal. The total depth of the boring and number of
samples collected are shown in Table 3.1. After the amount of recovery
was recorded and the sampled was logged for geology, a representative
sample was obtained by collecting approximately equal amounts of sample
along the spoon for each container. Once filled, the container was
sealed, labeled, and placed in cold storage until shipment to the
laboratory. Geologic logs, provided in Appendix B, indicate that
underlying materials are relatively uniform in nature. In general, a
dark grey to brown, clayey, gravelly fill overlies a silty, sandy clay
with cobbles (weathered bedrock). The fill often contained
anthropogenic materials including brick, glass, and slag.

Prior to startup at each sample location, all equipment in contact
with the soils was thoroughly decontaminated. Small tools and split
spoons were washed in a low-sudsing detergent, rinsed with clean tap
water, and then given a final rinse with distilled water. Auger
flights were washed at the sample site in the same manner, if only one
flight was used (to save time). If muitiple flights were used, they
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were taken to the on-site decontamination pad and steam cleaned. All
washwater and rinse water at the sample site was collected in drums and
disposed through the on-site waste treaiment system.

Utility clearance and removal of asphalt were performed by an on-
site subcontractor, Soft Dig (Delaware). A jack-hammer was used to
break through the asphalt. The hammer cut only to the top of the
roadbed material to prevent contact of the hammer with the fill or
native soil.

Prior to mobilization at a new sample location, the completed
boring was backfilled with clean fill dirt. The material removed from
the boring, as well as all disposable equipment and disposable personal
protective clothing, was placed in drums for storage until disposal at
the on-site waste incinerator.

A11 work was conducted in Level D personal protective ciothing and
equipment. Attempts were made to monitor air quality with an Organic
Vapor Analyzer (OVA), however; ambient temperatures were always Tess
than 10°C (50°F), which is the minimum operating temperature for the
instrument. Therefore, the readings, which varied between 0-15 ppm
calibrate gas equivalent (CGE), are not considered meaningful.

3.2.1.3 Sample Analysis
A1l soil samples collected under Phase I were analyzed for

Volatile Organic Compounds (VOCs), biphenyl, and biphenyl oxide with
the following exceptions:

. The sample collected at boring K was analyzed for Appendix IX
compounds in addition to biphenyl and bipheny} oxide. A
separate VOC analysis was not performed because these
compounds are included in the Appendix IX suite.

. The sample collected at boring M was analyzed for Appendix IX
compounds only. Sample recovery was not sufficient for an
additional analysis of biphenyl and biphenyl oxide.

. The VOC container for sample collected at boring D was only
half full due to insufficient sample recovery.

. The sample collected at boring F was analyzed for VOCs only.
Sample recovery was not sufficient for an additional analysis
of biphenyl and biphenyl oxide.
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It should aiso be noted that due to the lTack of sample recovery,
duplicates could not be collected for any sampie. One trip blank and
one field blank were collected each day of sampling.

3.2.1.4 Limitations of Sampling Methodology

With the exception of boring F-A (total depth 9 ft), the borings
could not be advanced past a maximum depth of 4 ft. The presence of
large cobbles and boulders prevented penetration by the augers.
Additionally, sample recovery was poor. After ten borings had been
completed, Phase I soil sampling was stopped to reassess the sampling
technique. Subsequently DuPont project staff met with EPA
representatives to propose an alternative technique that involved
excavation and sampling of test pits, which would allow sampling of the
overburden at greater depths. This technique was approved and applied
under the Phase II soil sampling activity described below.

3.2.2 Phase IT Sampling

3.2.2.1 Sample Locations

The locations of test pits excavated for Phase II sampling are
shown in Figure 3.2. In general, test pits were placed in areas that
were not sampled during Phase I. One exception is pit TP-7, located
over boring C. The sample from this boring showed the highest
concentration of VOCs (refer to Section 3.2.3). Therefore, TP-7 was
installed to obtain a more extensive characterization of this area with
respect to soil quality.

General areas for test pits were identified first. A utility
survey of these areas then was completed. Final test pit locations
were selected based on this survey. An area of approximately 12 ft by
6 ft was cleared for each test pit.

3.2.2.2 Sampling Procedures

Phase II soil sampling was conducted from March 10-12, 1990. The
pits were excavated by Keshaw Construction Company (Delaware) with a
backhoe. Most pits were located in areas overlain by asphalt. Prior
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to excavation, the asphalt was cut along the outline of the pit area
with a jackhammer. Background readings for air monitoring instruments
were taken at this time. Additionally, a plastic liner was laid out
beside the pit area to receive excavated materials.

The excavation proceeded as follows:

. The pit was excavated to a depth of four feet or refusal,
whichever came first. Each bucket of soil was inspected by
the onsite geologist. FID {OVA) and PID (HNu) meters were
used to monitor both the excavated materiais and the open pit
for organic vapors. Soil characteristics (e.g., texture,
anthropogenic materials) were noted on field forms.

. If refusal had occurred, two samples were collected from
different horizons (if possible) in the pit. Otherwise one
sample was collected and the excavation proceeded as above to
a maximum depth of 8 feet.

. During excavation, the removed materials were segregated,
based on visual inspection and air monitoring, to separate
clean and suspect fill materials. The asphalt, removed prior
to excavation, also was placed separate from the fill
materials.

. After excavation was terminated, the pit dimensions were
measured and the subsurface materials were logged by the on-
site geologist.

. Once the excavation and sampling were completed, the pit was
backfilled with the designated clean material. Backfilling
was completed with clean fill dirt provided by Kershaw. The
suspect materials were drummed and stored on site untii
sample results were provided. These materials were then
disposed off site. The asphalt was disposed of in on-site,
construction waste dumpsters.

Soil samples were collected as a composite from all accessible
sides of the pits. Based on visual inspection, sample horizons that
appeared most disturbed or potentially contaminated were selected.
Generally, the sample was retrieved using clean shovels and stainless-
steel spoons. The surface material was scraped away before the sample
was collected. The soil was placed temporarily in a stainless-steel
bowl. For five samples, TP-1B, TP-2B, TP-5B, TP-6B, and TP-6BD, soil
was collected by the backhoe and samples were taken directly from the
bucket. In these cases, the sample horizon was too deep for the
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sampler to reach from the ground surface. After large rock fragments
were separated out, sample jars were filled, labeled and placed in iced
coolers for storage until shipment to the laboratory.

A total of 22 soil samples were collected from eight pits. These
included six duplicate samples. Additionally, one equipment rinseate
blank was collected each day. The samples were shipped each day to
York Laboratories (New Jersey). A trip blank was included with each
shipment. Table 3.2 summarizes the sample information.

Test pit logs (provided in Appendix B) are consistent with the
descriptions provided in the Phase I boring logs. Multiple fill layers
are present (often containing anthropogenic materials such as brick,
concrete, glass, cinders) with a matrix of silty clay with cobbles and
boulders. Ash layers were identified in pits TP-2, TP-3, TP-4, and
TP-6.

Prior to mobilization at each pit location, all equipment in
contact with the soils was thoroughly decontaminated. Sampling tools
and bowls were washed in a Tow-sudsing detergent and rinsed with
distilled water. The backhoe arm and bucket were steam-cleaned at the
on-site decontamination pad. A1l washwater and rinse water was
disposed through site drains connected to the wastewater treatment
system.

Al11 work was conducted in Level D personal protective clothing and
equipment. No readings above background were measured by either the
OVA or the HNu instruments.

3.2.2.3 Sample Analysis

A1l but one soil sample was analyzed for Priority Pollutant Base
Neutral Compounds (PP BNA) plus biphenyl and biphenyl oxides. Sample
TP-2A was analyzed for Appendix IX compounds only and TP-7A was
analyzed for both Appendix IX and PP BNA compounds plus biphenyl and
biphenyl oxides. The record of sample analysis is shown in Table 3.2.
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Table 3.2. Record of test pit samples.
Test Total
Pit Date of Depth No. of Sample Sample
ID Completion (ft) Samples ID Depth (ft) Analysisl
TP-1 03-10-90 5.5 2 TP-1A/TP-1AD 0-4 BNA, B/BO
TP-1B 4 - 5.5 BNA, B/BO
TP-2 03-10-90 8.0 2 TP-2A 1.1 - 1.6 APPENDIX IX
TP-2B 7-8 BNA, B/BO
TP-3 03-10-90 3.6 2 TP-3A/TP-3AD 0.5 - 2 BNA, B/BO
TP-3B/TP-3BD 2 - 3.7 BNA, B/BO
TP-4 03-10-90 3.3 2 TP-4A 1.5 - 3.5 BNA, B/BO
TP-4B 5.6 -7 BNA, B/BO
TP-5 03-11-90 8.0 2 TP-5A 0 -4 BNA, B/BO
TP-5B 4 -8 BNA, B/BO
TP-6 03-11-90 7.5 TP-6A/TP-6AD 0 -4 BNA, B/BO
TP-6B/TP-6BD 4 -7.5 BNA, B/BO
TP-7 03-11-90 1.5 1 TP-7A 0.9 - 1.5 APPENDIX IX,
BNA, B/BO
TP-8 03-12-90 4.5 2 TP-8A 0-1.5 BNA, B/BO
TP-8B 1.5 - 4.5 BNA, B/BO
IBNA - Priority Pollutant Base Neutral Compounds

B/BO - Biphenyl/Biphenyl Oxides
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3.2.3 Results of Phase I and Phase II Soil Sampling

The results of Phase I and Phase II laboratory analysis are
summarized in Table 3.3 and 3.4 and plotted on Figure 3.3, 3.4, and
3.5. Data summary packages of the laboratory reports are provided in
Appendix G. These packages were prepared by a quality assurance
specialist, who performed validation on at least 10% of the samples (as
per USEPA, Region III/DuPont agreement) in addition to compiling the
data.

The compounds detected in the VOC fraction are similar to those
detected by the soil gas survey. These analytes include
trichloroethylene, tetrachloroethylene, trans-1,2,-dichloroethene,
methylene chloride, toluene, 1,1-dichloroethene, ethyl benzene, and
1,1,2-trichloroethane. Total VOC concentrations are less than 1 ppm at
all locations except soil boring site C.

Total BNA concentrations (semi-volatile compounds) vary widely
across the site. The analytes detected in samples at a concentration
greater than 1 ppm, include: pyrene, fluoranthene, phenanthrene,
benzo(k) fluoranthene, benzo(a)anthracene, chrysene, benzo(a)pyrene,
benzo(b) fluoranthene, indeno(1,2,3-cd)pyrene, anthracene, Di-n-
butylphthalate, benzo(g,h,i)perylene, naphthaiene, acenaphthylene,
acenaphthene, and fluorene. The highest BNA concentrations are
associated with samples collected from horizons that were visually
observed to contain anthropogenic fill or ash (TP-2, TP-4, and TP-6).
Samples collected above or below these horizons generally show a total
BNA concentration that is two orders of magnitude lower. This suggests
that soil contamination is confined to discrete horizons. The bipheny)
portion of the semivolatiles at each sample location is generally less
than 100 ppb. The highest concentration observed is 830 ppb at test
pit TP-4.

No herbicides, sulfides, cyanides, or dioxins/furans were reported
for any of the four Appendix IX samples. Small quantities of certain
pesticides/PCBs (total reported in four samples ranged from 6-618 ppb)
were observed. The analytes included chlordanes, 4,4'-DDE, 4,4’-DDT,
and heptachlor.
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Table 3.3. Total volatile organic compounds and semivolatile
compounds biphenyls in soils.

Total
Boring or Sample Total Semi -
Test Pit Sample Interval VOCs volatiles!  Biphenyl/8iphenyl
ID No. (ft-ft) (ppb) (ppb) Oxide (ppb)
A A-2 0-2 44 89
B B-2 0-2 59 ND
B B-4 0-4 42 ND
o c-2 0-2 48,440 98
D D-2 0-2 192 14
E E-2 0-2 275 ND
F F-2 0-2 80 NS
F F-4 2-4 72 ND
G G-2 0-2 63 ND
HA-1 HA-1 0-1.2 ND 27
HA-2 HA-2 0-2.5 18 ND
HA-3 HA-3 0-3.3 11 ND
HA-4 HA-4 0-0.8 ND ND
HA-5 HA-5 0-1.5 34 59
HA-6 HA-6 0-1 87 67
HA-7 HA-7 0-1.5 111 101
HA-8 HA-8 0-2.5 8 ND
HA-9 HA-9 0-1.5 21 30
H H-2 0-2 50 25
I 1-2 0-2 168 ND
I I-4 2-4 227 ND
J J-1.5 0-1.5 301 61
F-A F-2A 0-2 64 ND
F-A F-4A 2-4 262 ND
F-A F-6A 4-6 235 ND
F-A F-8A 6-8 101 27
F-A F-9A 8-9 206 86
K K-2 0-2 107.9? 9,064 11
L L-1.5 0-1.5 41 10
M M-COMP 0-2 73.72 1,6612 ND
N N-2 0-2 97 22
N N-3 2-4 42 ND
TP-1 TP-1A 0-4 29 ND
TP-1 TP-1AD 0-4 31 ND
TP-1 TP-1B 4-5.5 ND ND

1Tncludes biphenyl/biphenyl oxides
ZAppendix IX analysis

NS - No Sample

NA - Not Applicable

ND - Not Detected
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Table 3.3. (Continued).
Total
Boring or Sample Total Semi -
Test Pit Sample Interval VOCs volatiles!  Biphenyl/Biphenyl
1D No. (Ft-ft) (ppb) (ppb) Oxide (ppb)

TP-2 TP-2A 1.1-1.6 312 41,8722 NA
TP-2 TP-2ARE 1.1-1.6 49,6302 NA
TP-2 TP-2B 7-8 257 ND
TP-3 TP-3A 0.5-2 18 ND
TP-3 TP-3AD 0.5-2 22 ND
TP-3 TP-3B 2-3.7 66 ND
TP-3 TP-3BD 2-3.7 87 ND
TP-4 TP-4A 1.5-3.5 423 ND
TP-4 TP-48 5.6-7 454,060 860
TP-5 TP-5A 0-4 4,167 ND
TP-5 TP-5B 4-8 184 ND
TP-6 TP-6A 0-4 247 17
TP-6 TP-6AD 0-4 206 12
TP-6 TP-6B 4-7.5 72,249 110
TP-6 TP-6BD §4-7.5 28,564 35
TP-7 TP-7A 0.9-1.5 3,536 118
TP-7 TP-7AD 0.9-1.5 5,327 19
TP-7 TP-7A 0.9-1.5 2,8142 NA
TP-8 TP-8A 0-1.5 3862 4,421 12
TP-8 TP-88B 1.5-4.5 468 ND

!Includes biphenyl/biphenyl oxides
Zpppendix IX analysis

NS - No Sample
NA - Not Applicable
ND - Not Detected



25
Table 3.4. Metals in soil.

Concentration (ppm)

Parameter M-COMP K-2 TP-2A TP-7A
Antimony ND ND ND ND
Arsenic 3.8 3.6 7.2 2.4
Barium 146 154 134 87.7
Beryilium ND ND 0.41 0.15
Cadmium 1.22 1.37 3.8 0.48
Chromium 49 .4 33.4 24 .4 21.4
Colbalt 15.9 10.8 6.5 11.7
Copper 35.5 173 34.3 62.8
Lead 29.3 73.5 38.9 8.7
Mercury 0.47 2.48 3 0.36
Nickel 26.6 30.1 18.8 19.7
Selenium ND ND 0.5 0.68
Silver ND 2.21 ND ND
Thallium ND ND ND ND
Tin ND ND ND ND
Vanadium 55.3 26.4 28.4 57.3
Zinc 160 165 69. 110

ND - Not detected
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The concentration of metals detected in soil samples (Table 3.4)
is generally Tow relative to EPA RCRA action levels. One exception is
sample TP-2A which shows a Beryllium concentration of 0.41 mg/Kg (RCRA
action level is 0.20 mg/Kg).
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4 FIELD INVESTIGATION OF CONTAMINANT EXTENT AND MIGRATION

4.1 FRACTURE TRACE/STRUCTURAL ANALYSIS

4.1.1 General

The objective of performing the fracture trace/structural survey
in the vicinity of the DuPont Experimental Station was to identify the
frequency and orientation of fractures (predominantly joints) in the
bedrock outcrops around the site. These fractures may serve as
contaminant flow pathways at the site. Additionally, this information
was to aid in the placement of monitor wells on the site for
development of an effective groundwater monitoring network.

The fracture trace/structural survey consisted of the evaluation
of available aerial photographs and available regional information, and
field measurement of rock outcrops in the vicinity of the site.

4.1.2 Regional Structural Geology
The DuPont Experimental Station is located within the Appalachian

Piedmont Province. The site is situated on the Paleozoic age
Wilmington Complex (Woodruff and Thompson, 1975). The rocks of this
unit consist of banded gneiss; including felsic bands of quartz and
andesine, and mafic bands of calcic plagioclase, pyroxenes, and
hornblende.

It has long been recognized that a widespread brittle, structural
fabric is overprinted on Paleozoic-age ductile structures in the
Appalachian Piedmont. Previous studies (Dressel, 1989; Howard, 1986;
Thompson, 1983; Thompson and Hager, 1979; Newell and Wise, 1964) have
investigated various aspects of the relationship between 1ineaments,
joints, seismicity, and stream morphology in the Piedmont. Brittie
structural features present in the Piedmont include foliation, faults,
and joints. Additionally, the emplacement of Mesozoic-age intrusive
dikes is most likely controlled by the brittle structural fabric in the
Piedmont.

The igneous dikes in the Piedmont consistently trend in a
northeasterly direction with a mean azimuth of 36° (Thompson, 1983).
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The emplacement of the dikes is apparently the result of northwest-
southeast-oriented horizontal extension related to the opening of the
Atlantic Ocean. There appears to be a strong parallelism between the
orientation of lineaments and the Mesozoic-age dikes in the Piedmont of
Delaware and adjacent southeastern Pennsylvania.

A study of known or probable faults in the Delaware Piedmont
(Thompson, 1983) indicates that most trend in an east-northeasterly
direction. Although the mean azimuth of the faults does not correlate
to the mean azimuth of lineaments, one group of faults (0-40°) does
coincide with the mean azimuth of the lineaments (24°; Dressel, 1989).
It has been suggested that the lineaments refiect brittle structures
that in some way focus local seismicity.

Four joint azimuth peaks in the Piedmont of Delaware and
southeastern Pennsylvania have been recognized (Dressel, 1989). Two
peaks are predominant and fall within the intervals of 020-030° and
350-010°. Two lower-order peaks fall within the intervals of 270-280"
and 290-330°. The dips of most joints are vertical in orientation. It
is likely that the joints developed both from compressive stresses
associated with the Tast phase of Appalachian Mountain building and
extension stresses associated with the opening of the Atlantic Ocean in
the Mesozoic Era.

Dressel (1989) noted that although there was a general similarity
between the azimuthal distribution of lineaments and that of joints,
there was not a lineament-azimuth peak counterpart of the broad
northwest-trending joint-azimuth peak.

On the contrary, there appears to be a very strong parallelism
between the orientation of joints and linear stream segments in the
Piedmont of Delaware and adjacent Pennsylvania. It is probable that
the joint system controls the pattern of drainage.

4.1.3 Fracture Trace Mapping
Aerial photographs available for the area from local sources

{United States Department of Agriculture, Soil Conservation Service,
New Castle County) were reviewed for fracture-trace mapping purposes.
The photographs available from these sources are low-altitude
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photographs that were obtained for soil mapping purposes. Aerial
photography from 1937, 1954, 1962, 1968, 1977, and 1982 were analyzed
for the presence of lineaments that are conspicuous tonal and/or
physiographic features of a linear nature. Tonal Tineaments are
represented by contrasts in textures or tint while physiocgraphic
lineaments are represented by anomalously linear stream valleys or
ridges.

The identification of "natural” lineaments in the vicinity of the
site is complicated because of the urbanization of the area. The site
has been active as a manufacturing/research facility for over 100
years; therefore, the land surface shown in available photographs has
been extensively modified by the construction of roads and buildings.
This makes the recognition of natural tonal and physiographic features
very difficult. Consequently, no major lineaments were identified in
these aerial photographs. However, some lineament mapping information
is available from other, more remote, sources.

Dressel (1989) completed the most extensive mapping of tineaments
in the Delaware Piedmont using LANDSAT-4 Band 2/Band 4 Thematic Mapper
Imagery and Natural High Attitude Program Photography. The lineaments
mapped by Dressel (1989) in the immediate vicinity of the DuPont
Experimental Station are shown in Figure 4.1.

Of the three lineaments depicted, the one coincident with a reach
of the Brandywine Creek was discussed in detail by Dressel {1989).
This lineament, known as the Brandywine/Hagley lineament, is
approximately 3 km in Tength and is composed of both a physiographic
segment (coincident with the Brandywine) and a tonal segment extending
to the southwest. Dressel recognized two joint sets centered at 022°
and 285* in five outcrops located along the trace of the Tineament.
Dressel recognized that the 022* joint set was nearly parallel to the
azimuth of the Brandywine/Hagley lineament (029°). The 285° joint set
was also recognized to be nearly parallel to the section of the
Brandywine Creek located immediately upstream. Based on this evidence,
as well as other evidence in the Delaware Piedmont, Dressel (1989)
concluded that stream morphology was probably controlled by joint
patterns.
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4.1.4 Local Structural Survey

A structural analysis of the fracture patterns in bedrock outcrops
along the section of the Brandywine Creek south of the Experimental
Station was completed for the RFI. Field mapping was performed (using
a Brunton Compass) on rocks cropping out on both the north and the
south side of the creek in publicly accessible areas (Figure 4.1),

Numerous outcrops of hornblende-plagioclase gneiss (Woodruff and
Thompson, 1975) were examined. Most of the outcrops were only 10 feet
in width. Many smaller blocks of rock were exposed but did not appear
to be in place and, therefore, were not examined. The strike and dip
of a total of 70 rock surfaces were measured.

Most of the rock features measured are interpreted as joints. The
joints are nearly all vertical in dip. Joint spacing is typically
observed at one-meter intervals but also ranges up to three meters.
Joint azimuths have been grouped into 20° increments and are plotted in
a Rose Diagram (Figure 4.2). The dominant joint sets recognized are
centered at 300° and 40°. The 300° joint set is nearly parallel to
stream segments of the Brandywine Creek immediately upstream and
downstream of the outcrop stations as well as the stream segment
immediately upstream of the Brandywine/Hagley lineament. The 40° joint
set is nearly parallel to the Brandywine/Hagley 1ineament.

The joint set parallel to the azimuth of the Brandywine/Hagley
Lineament (20-40°) is not as prevalent as that observed in the rocks
cropping out along the Brandywine Creek immediately west of the
Experimental Station (Dressel, 1989). However, most of the outcrops
along the section of the Brandywine immediately south of the
Experimental Station generally are not well exposed in three dimensions
and, therefore, this joint set is not easily recognized. It is likely,
based on other work (Dressel, 1989), that the northeast-trending joints
observed in the vicinity of the Brandywine/Hagley Lineament do exist in
bedrock underlying the Experimental Station.

4.1.5 Summary of Results
The rocks at the DuPont Experimental Station typically reflect the
regional geologic structure and contain two major near-vertical
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joint sets, centered at 300° and 40°, respectively. The joint spacing
is highly variable and irregular, and joints are typically spaced one
meter (3.3 ft) apart. It appears that the joints are the predominant
fracture type in these rocks, as there is little evidence for faulting
or other non-joint fractures (although some horizontal fractures
probably exist). Therefore, groundwater flow is presumably controlled
primarily by the orientation of the joints, and secondarily by the
orientation of other fractures.

There is 1ittle or no evidence for the presence of extensive
vertical or near-vertical zones at the site. Although there is wide-
scale jointing, no specific areas inferred to be zones of densely
shattered or fractured rock were identified. Consequently, no specific
location appeared to be better than another for the placement of wells.

4.2 MONITOR WELL INSTALLATION

4,2.1 Well Locations

Ten new monitor wells were installed in the area of investigation
to supplement four existing wells as stations for the coliection of
hydrogeologic data. Under the approved RFI workplan, three of the new
wells were to be deep companion wells installed adjacent to existing
wells (MW-2A, MW-3A, MW-4A). Additionally, three new well pairs (six
wells) were to be installed in southwestern portion of the area of
investigation (also known as Area 2). Subsequent to the workplan,
DuPont proposed that an additional deep well be installed near existing
well MW-1 to better define the three-dimensional aspects of groundwater
flow.

The locations and specifications of proposed wells were modified
after the installation of two deep wells (adjacent to MW-1A and MW-2A)
failed to produce significant yield. After discussions with Mr. Tom
Buntin and Mr. Robert Stroud of U.S. EPA, it was agreed that the new
wells should be designed to evaluate the shallow bedrock system because
the deeper system was demonstrated to be relatively impermeable.
Therefore, the lTocations for the six new wells to be installed as pairs
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and the proposed companion well for existing well MW-4A were modified
to provide a network of single shallow bedrock welis.

The final Tocations of the new wells, as well as the locations of
existing wells, are shown in Figure 4.3. The change in locations
allows better areal coverage of the area of investigation.
Additionally, more data collection stations are available to monitor
the principal groundwater discharge area (Brandywine Creek).

4.2.2 Mell Installation Procedures

Two types of well specifications were used to install the new
monitor wells. Wells in competent rock were completed as open
boreholes. Borings that showed collapse during drilling were completed
with screen and riser pipe. The two types of well construction are
shown in Figure 4.4. A1l borings were installed by Walton Corporation
(Newark, Delaware) using air rotary methods.

In general, installation procedures were as follows:

. Ten-inch diameter hole was drilled to a depth of 5-10 ft for
shallow wells and 25-30 ft for deep wells.

. Eight-inch PVC casing was grouted in place to case off upper
surface zones and prevent potential cross-contamination. For
deep wells MW-1B and MW-2B, six-inch steel casing was used.

. If the borehole was competent, the well was completed as a
six- or eight-inch diameter open borehole.

. If the borehole was not competent, a six-inch temporary
casing was installed to the desired well depth. Four-inch
PVC screen (10 slot) and riser pipe were placed in the
temporary casing. A clean sand filter pack was installed
around the screen as the temporary casing was withdrawn. The
sand pack was placed to approximately one foot above the
screen. The remainder of the annulus was filled with
bentonite and grout to provide a surface seal.

. A1l wells were completed flush with land surface and with
locking caps.

The pertinent data associated with well installation are provided in
Appendix C and are summarized in Table 4.1. Table 4.1 includes the
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Figure 4.4. New monitor well construction specifications.
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Table 4.1. Monitor well installation data.
Total Open Well

Well Date Depth Interval Diameter

No. Completed (ft) (ft-ft) {in) Screened
MW-1A 10-86 38.6 19.2-38.6 6 No
MW-1B 12-15-89 102 42-102 6 No
MW-2A 10-86 22* 20.1-40 6 No
MW-2B 12-12-89 81.3 42-81.3 6 No
MW-3A 10-86 20.1 5.1-20.1 4 Yes
MW-3B 12-18-89 38.5 26.3-38.5 4 Yes
MW-4 10-86 20.6 12.5-20.6 6 No
MW-5 12-14-89 20 8-20 8 No
MW-6 12-19-89 20 8-20 6 No
MW-7 12-21-89 40 11-40 6 No
MW-8 12-20-89 20 8-19.4 4 Yes
MW-9 12-21-89 20 8-19 4 Yes
MW-10 12-20-89 41.7 9.1-41.7 6 No
MW-11 12-15-89 20 7.9-20 4 Yes

*Original depth of well was 40 ft. Well was grouted in during
installation of well MW-2B. New well depth is 22 ft.
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information for the four existing weils obtained from previous well
completion reports filed by Walton.

The geology was logged from cuttings examined by a geologist
during drilling. The geologic log for each borehole is provided in
Appendix C. The rocks underiying the site are consistent with the
regional geology discussed in Section 4.1. The overburden overlying
the gneiss bedrock consists of brown, silty sand and cobbles (fi11) and
brown rock fragments (weathering product of the gneiss).

No visual signs of contamination were recorded during drilling.
Air monitoring with the Photovac Microtip was performed throughout well
installation. At MW-2B, the instrument measured 37 ppm calibrant gas
equivalent (CGE) above background at the top of the borehale (borehole
depth was 24 ft). No other readings above background were observed at
this or any other borehole.

After completion of all wells, vertical control data, including
land surface and top of casing elevations, were surveyed. These
elevations are provided in Table 4.2. The supporting survey data are
provided in Appendix C.

4.3 BOREHOLE SURVEYS

4.3.1 Video Borehole Survey

A video survey of each open-hole well was performed to directly
observe fracture patterns across the open interval. Additionally, well
construction information was checked. The survey was conducted by
Nittany Geoscience, Inc. (State College, PA)}. The video system used
was developed by Marks Products, Inc., of State College, PA. The
camera is a Geovision™ high-resolution, low-1ight, black-and-white,
solid state video camera with a 4.5-mm, wide-angle, auto-iris lens
mounted in a stainless-steel, water-proof housing. The camera is
lowered by a hand-operated winch, mounted on an adjustable tripod, with
500 feet of coaxial cable and a mechanical footage counter. The video
cassette is recorded on a Magnavox VCR. Downhole progress is monitored
throughout the survey on a 4.5-inch black and white TV monitor. The
depths of visible features are noted verbally with a microphone.
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Table 4.2, Vertical control data for monitor wells.

Elevation (ft above mean sea level)

Well No. Land Surface Quter Casing Rim Inner Casing Rim
MW-1A 141.61 143.59 NA
MW-1B 141.74 141.77 141.43
MW-2A 181.12 120.03 NA
MW-2B 118.09 118.26 117.95
MW-3A 83.91 85.89 85.59
MW-3B 82.71 82.78 82.57
MW-4 82.62 84.46 NA
MW-5 81.01 81.05 80.59
MW-6 82.34 82.38 81.89
MW-7 82.49 82.57 81.89
MW-8 81.86 81.88 81.23
MW-9 81.44 81.41 80.84
MW-10 82.52 82.57 82.02
MW-11 111.97 111.94 111.56

Benchmark (aluminum disk on concrete mound) = 110.34 ft above MSL
NA = No inner casing
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Camera accessories include a compass, side-look mirror with light
deflector, and a Tight projector.

First, the tripod and winch were set up and the camera was
attached to the coaxial cable and centered in the casing. The camera
was then set at ground level and the footage counter initialized at
zero. The recording system and camera were turned on and the camera
was lowered into the hole. Verbal comments were recorded at the
appropriate locations.

The wells were logged from 8:00 am to 5:00 pm on January 16, 1990,
in the following order: MW-10, MW-7, MW-6, MW-5, MW-4A, MW-1B, MW-1A,
MW-2B, and MW-2A. The water in MW-4A was cloudy. The Tight projector
was used to project the light 6.5 inches in front of the camera, thus
reducing the back-scatter directly in from of the lens. This did not
improve the image, so the light projector was removed and the side-look
mirror was installed. This clarified the picture and enabled the
geologist to determine the location of the various features with
greater ease.

As the camera was removed from the borehole the cable was rinsed
with deionized water and wiped dry with paper towels. The camera was
scrubbed in an Alconox solution and rinsed with deionized water. Spent
cleaning solution was contained in a 20 gallon basin and disposed at
the decontamination pad at the end of the day.

The video cassette was returned to the office of Nittany
Geoscience, Inc., and reviewed. Features, their depths and
orientations were then tabulated. This information is presented in
Table 4.3. Several fracture zones are identified in each borehole. A
schematic representation of the video log is shown for each surveyed
well in Plate 4 and Figures 4.5 through 4.16.

4.3.2 Downhele Gepophysical Surv

Borehole geophysical surveys were conducted in both new and pre-
existing wells. The surveys were conducted by Appalachian Coal Surveys
(Apollo, PA).

Two suites of parameters were run in all wells. A lithology log
(including caliper, gamma, and electric) were performed to measure
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Structural and hydrologic features in video-
surveyed wells, DuPont Experimental Station,

Wilmington, DE.

Well Number Depth (ft) Feature Orientation
MW-1B 42 bottom of casing
55 Jjoints/fracture zone N/S
56 joints/fracture zone E/MW
59 fracture zone
60 joints N/S
66 vertical fracture
68 vertical fracture
70 vertical fracture
74 discontinuity
76 joints
7 -79 fracture zone
80 joints
89 joints
92.5 joints
95.5 water Tevel
99.5 loss of visibility
100 bottom of hole
MW-1A 20 bottom of casing,
fracture zone
29 fracture zone
33.5 water level
39 bottom of hole
MW-2B 42 bottom of casing
43 fracture zone
45 fracture zone
52 fracture zone NE/SW
55 fracture zone
62 fracture
67 fracture/joint
70 fracture zone
71.5 - 72 fracture zone
73.5 discontinuity/
fracture zone
78.5 water level
79 fracture zone
80 small fracture zone
81 bottom of hole
MW-2A 19.5 bottom of casing
19.5 - 20 fracture zone E/W
21 fracture
22 bottom of hole
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Table 4.3, (Continued)

Weil Number Depth (ft) Feature Orientation
NW-10 9 bottom of casing
10 fracture
15 fracture
17 fracture
40 water level, fracture
zone
4] bottom of hole
20 Jjoint N/S
16 Jjoint N/S
MW-7 10 bottom of casing
15 compositional or structural
discontinuity
30 water level
31 joint E/W
35 - 35 fracture zone E/M
37 discontinuity E/W
40 bottom of hole
23 Jjoint/discontinuity
13 - 14 fracture NE/SW
MW-6 6 water level
8 bottom of casing
13 - 14 fracture zone E/W
16, 18 joints N/S
20 bottom of hole
MW-5 6.5 water level
8 bottom of casing
8 -9 fracture zone
12 - 13 fracture zone NNW
MW-4A 11 water level
12 bottom of casing
12.5 fracture zone
14.5 fracture zone

15 : 17.5 fracture zone
20 bottom of hole
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borehole diameter, identify fracture zones, and identify changes in
lithology. Temperature, fluid conductivity, and neutron runs were
performed to identify groundwater inflow/outflow zones. Additionally,
grout density logs were run in wells that are screened over the open
interval. These logs identify occurrence of well construction
materials such as grout, bentonite, gravel in the annulus.

The logs are compiled with other well information in Plate 4 and
Figures 4.5 through 4.16. Features identified from the survey results
are described to the left of the logs. In two cases (MW-3A and MW-9),
the grout density Togs indicated the presence of clay below the top of
the screen. This was interpreted as part of the bentonite layer. Well
MW-3A was constructed prior to this investigation, however during well
installation of MW-9, the geologist measured the depth to the gravel
pack with a weighted tape to ensure that gravel was placed at least one
foot above the screen. The presence of clay below the screen indicates
that some of the grout may have infiltrated the gravel pack. As a
result, the permeability of the screen may be slightly reduced.

4.4 AQUIFER TESTING
4.4.1 Slug Tests

4.4.1.1 Data Collection Procedures

Slug tests were conducted at the DuPont Experimental Station site
in two episodes. The four existing wells were tested on December
11-12, 1989 and the ten new wells were tested on January 9-11, 1990.

A slug test is performed by creating an instantaneous water-level
change within the well and measuring the rate at which the displaced
water level returns to the pre-test level. The water-level change can
be accomplished by either injecting into the well or withdrawing from
the well a volume of water or a weighted float. The rate of water-
level recovery can then be related to the hydraulic conductivity of the
surrounding aquifer material.

In tests conducted at the DuPont site, the use of injection or
withdrawal techniques depended on the height of the water column in the
well. In the case of injection, an approximate 3-galloen slug of
distilled water was placed into the well via a plastic container that
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well. In the case of injection, an approximate 3-galion slug of
distilled water was placed into the weil via a plastic container that
was modified to allow fast drainage. Alternatively, a weighted float,
either 4-inch diameter or 3-inch diameter PVC cylinder, depending on
the well diameter, was used to affect the desired displacement.

The depth-time relationship resuiting from the injected
slug/cylinder was recorded using a TERRA 8/D data logger and an
accompanying 5 psi transducer. The transducer has an accuracy of +0.01
feet and the recorder has a minimum logging interval of one second.
The recorder was configured such that the data logger readings were
written both to the recorder’s RAM memory and directly to the display
of an attached portable PC, thus allowing for real-time monitoring of
the test as it progressed. The PVC cylinders, the transducer, and
associated cable were cleaned with distilled water and a nonphosphate,
low-sudsing detergent prior to each test. Pre-test water levels were
measured with a QED electric water-level probe.

During the first episode, existing wells were tested in order of
increasing contamination based on available data. These siug tests
were conducted in the following order: MW-3A, MW-4A, MW-1A, and MW-2A.
In the second episode, tests were conducted in the following order:
MW-6, MW-9, MW-7, MW-3B, MW-10, MW-5, MW-8, MW-1B, MW-2B, and MW-11.
The date of each test and the test method used are shown in Table 4.4.
The PVC cylinders were used to effect the desired water-level
displacement for all wells except MW-2A, MW-2B, and MW-10. The
cylinder could not be used in wells MW-2A and MW-10 due to a small
water column height (3.94 feet and 2.92 feet, respectively) and these
wells were tested using an injected volume of distilled water
(approximately 3-gallons). The same method was selected for MW-2B,
although either method could have been used.

Duplicate (i.e., both positive and negative displacement) tests
were conducted in wells MW-3A, MW-4, and MW-5 as a check on resuits.
The response curves and associated data from all slug tests conducted
for the RFI are provided in Appendix D.
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Date of slug tests and

test method used.

Well

Date Tested

Method

Comments

1A

1B

2A

2B

3A

3B

10

11

12-12-89

01-11-90

12-12-89

01-11-90

12-11-89

01-10-90

12-11-89

01-10-90

01-09-90

01-10-90

01-10-90

01-09-90

01-1¢-90

01-11-90

PVC slug rod with
transducer

PVC slug rod with
transducer

H,0 slug with
transducer

H,0 slug with
hand-held meter

PVC slug rod with
transducer

PVC slug rod with
transducer

PVC slug rod with
transducer and
hand-held meter

PVC slug rod with
hand-held meter
for positive test
and transducer for
negative test

PVC slug rod, data
collected by hand-
held meter

PVC slug rod with
transducer

PVC slug rod with
transducer

PVC slug rod with
transducer

Distilled H,0 with
hand-held meter

PVC slug rod with
transducer

Very slight response.

No response.

Pre-test level not at
equilibrium.

No response, used
water slug due to
time constraints.

Terra 8 recorder
not in service for
test.

Very slight response.

Pre-test level not
at equilibrium. Very
slight response.
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4.4.1.2 Results

The two methods used to analyze the slug test data are described
in Bouwer and Rice (1976) and Cooper, et al. (1967). The theory and
limitations of these methods are summarized in Appendix D.

The calcuiated hydraulic conductivity values (Table 4.5) range
from 5.9 x 10°5 ft/day (MW-1A) to 16.9 ft/day (MW-9). There is a
noticeable difference in the hydraulic conductivity magnitude
calculated for the positive and negative displacement tests conducted
in wells MW-3A, MW-4, and MW-5. The positive displacement hydraulic
conductivity values are greater in magnitude than the negative
displacement values. This is most 1ikely caused by the presence of
unsaturated fractures above the static water level. When the water
level is positively displaced, the fractures afford additional flow
paths. A slug test is generally intended to provide only "order of
magnitude" estimates of hydraulic conductivity, therefore, the
differences between the positive and negative displacement hydraulic
conductivity values are not considered significant.

The small water column in well MW-2A and MW-10 suggest that pre-
test levels in these wells were not at equilibrium with the formation.
Therefore, the test results are considered suspect. High hydraulic
conductivity values in MW-5 and MW-9 probably reflect the presence of
water-bearing fractures.

4.4.2 Injection Tests

4.4.2.1 Procedure

Injection tests were conducted between March 10 and 13, 1990 to
evaluate hydraulic properties in the vicinity of Wells MW-2A, MW-3A,
MW-5, MW-9, and MW-11. During each test, clean water piped from a
tanker truck was injected at a constant rate. Injection rates were
monitored using a calibrated orifice weir and were adjusted as
necessary using a gate valve. Water levels in the injection well and
nearby observation wells were monitored during injection and recovery
using pressure transducers and electric-line water-level probes.
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Table 4.5. Results of slug tests.
Method of Hydraulic Saturated | Transmissivity
Well Analysis Conductivity | Thickness
(ft/d) (ft) (ft2/d)
1A | Bouwer & Rice ) 5.9x10-3 26.8 1.6x10-3
1B -- NR = --
27 Cooper, et al. 10.66 3.9 41.6
2B -- NR -- =
3A Cooper, et al. 0.71 11.8 8.4
3A Cooper, et al. 0.14 11.8 1.7
3B Cooper, et al. 0.21 28.3 5.9
4 Cooper, et al. 0.26 10.1 2.6
4 Cooper, et al. 0.11 10.1 1.1
5 Cooper, et al. 9.20 13.9 127.9
5 Cooper, et al. 3.29 13.9 45.7
6 Cooper, et al. 0.19 14.6 2.7
7 -- NR -~ =
8 Cooper, et al. 0.14 14.0 2.0
9 Bouwer and Rice 16.90 12.5 211.3
10 -- NR = =
11 Cooper et al. 0.91 13.1 11.9

1 - Negative displacement test

NR - Insufficient response for analysis.
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4.4.2.2 Results

A summary of the injection/recovery tests conducted at the site is
given in Tablie 4.6. Hydraulic head changes caused by injection are
graphed in Figures 4.17 to 4.21. Observed hydraulic head responses
were limited to the injection wells, except for the test at Well MW-3A
during which a hydraulic head response was seen 18 ft away at Well
MW-3B. The tests were analyzed using the Theis time-drawdown equation
(Reed, 1980), the Theis recovery method (Kruseman and DeRidder, 1976),
and a least-squares best-fit analysis based on superposition of the
Theis equation for the variable-rate injection tests at MW-9 and MW-11.
Hydraulic property estimates derived from these tests are given in
Table 4.7. As shown, transmissivity estimates derived from these tests
range from 2.2 to 370 ft2/d. A storage coefficient of 0.013 was
estimated from build-up data at MW-3B during injection at MW-3A.

4.4.3 Dye Tracer Study

4.4.3.1 Procedure
A dye tracer study was performed at the site during the period
March 19, 1990 to April 20, 1990, to evaluate hydrologic connections at

the site. Dyes were used as tracers because of the following
properties:

. Little or no toxicity that could pose a threat to human
health or environment;

. Detectability in extremely small concentrations;

. Low cost of the dye and dye analysis.

Three different dyes were used at the site: Rhodamine WT,
Fluorescein, and an optical brightener. Rhodamine WT was injected into
well MW-2A, Fluorescein was injected into well MW-2B, and optical
brightener was injected into well MW-11. Wells MW-3A, MW-3B, MW-8,
MW-4, and two seeps were monitored for the Rhodamine WT and Fluorescein
dyes, and wells MW-5, MW-6, MW-7, MW-9, and MW-10 were monitored for
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Table 4.6. Summary of Injection Tests Conducted March 10-13,
1990 at the DuPont Experimental Station,
Wilmington, Delaware.
Injection History
Injection | Mititary Observation
Date Well Time: GPM (MINUTES) Wells*
3/10/90 2A 1022-1622: 1.0 gpm (360) A11(2B)
3/11/90 11 0938-1038: 1.0 gpm (60) All
1038-1145: 0.0 gpm (67)
1145-1638: 0.5 gpm (293)
3/12/90 9 0925-0932: 2.0 gpm (7) 4,5,(6),7,10
0932-1036: 0.0 gpm (64)
1036-1101: 2.7 gpm (25)
3/12/90 5 1310-1703: 1.0 gpm (233) 4,6,7,(9),10
3/13/90 3A 0815-1217: 1.0 gpm (242) 38,4,5,(8),1A,1B

*The observation well monitored using a pressure transducer is shown in

parentheses.

NOTE: "Al1" refers to Wells 1A, 1B, 2A, 2B, 3A, 3B, 4, 5, 6, 7, 8, 9,

10, and 11.



65

14.0

12.0

O
@)

Build—up (ft)
o
O

4.0

2.0

0.0

Injection /Recovery Test
Well 2A '~— 3/10/90

Notes: Injection of 1.0 gpm for 360 minutes between
1022 and 1622 hrs. A large crane that had
been by the incinerator for days left the

area at about 1100 hrs, caousing the formation
. porosity to increase and the water—level to

. decline. Water—level changes between agbout

. 120 and 200 minutes probably resulted from
minor injection rate changes that occurred
when a deiivery truck forced realignment of

C the injection hose,

.
. 8 B ¢ SestesastammmD

® 8 9 4
sen
e * ®

'.\..-

0.0 100.0

| 2000 3000  400.0
Minutes Since Injection Began

Figure 4.17a. Pumping test results at well MW-2A.
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Injection /Recovery Test
Well 2A —— 3/10/90

THEIS BUILD-UP ANALYSIS (early time data):
Transmissivity = (QsWu) / (4=piss) = 2.2 saq.ft/d
where Wu = 1, and s = ft.

Notes: Injection of 1.0 gpm for 380 minutes between -
1022 and 1622 hrs. A large crane thot had
been by the incinerator for days left the
areg at about 1100 hrs, causing the formation
porosity {o increase and the water—level to
decline. Water—level changes between obout
120 ond 200 minutes probobly resuited from
minor injection rate changes that occurred
when g deiivery truck forced realignment of
the injection hose.
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Figure 4.17b. Pumping test results at well MW-2A.
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Theis Recovery Analysis
Well 2A —— 3/10/90

Transmissivit; (2.30=Q) / (4=pi=s)
7.3 sqg.ft/d fcr s = 47 4/t 30 - 100),
22 sa. ft/d for s = 1.6 (t/t: 7 — 20).
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Figure 4.17c. Pumping test results at well MW-2A.
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Figure 4.18a. Pumping test results at well MW-11.
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Injection /Recovery Test
well 11 == 3/11/90

THEIS BUILD—UP ANALYSIS (0-60 minutes):
Transmissivity = (Q=Wu) / (4=pirs) = 51 sq.ft/d

where Q = 1 gpm, Wu = 1, and s = 3 ft.
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Figure 4.18b. Pumping test results at well MW-11.
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Theis Best—Fit Analysis
Injection/Recovery Test
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Figure 4.18c. Pumping test results at well MW-11.
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Injection/Recovery Test
Well 9 —— 3/12/90

2:0
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No injection between 7 and 71 minutes.
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Figure 4.1%9a. Pumping test results at well MW-9.
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Thers Best—Fit Analysis
Injection /Recovery Test
Well 9 —— 3/12/90
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Figure 4.19b. Pumping test results at well MW-9.

E.l. DUPONT DE NEMOURS & COMPANY
GeoTrans / Tetra Tach X PERIMEN on. DE
PB8788-016/0A/8 TAL STATION, WILMINGTON,




73

Theis Recovery Analysis
Well 9 —— 3/12/90

1.00

0.90

o
00
O

0.70

.
o
O

—
o)
O

B~
)

o o
(@]
O

|

Residual Build—up (ft)
S
-
|
I

where Q = 2 gpm and s

0.10

Recovery Analysis {(7—71 minutes):
| Transmissivity = (2.30=Q) / (4*p5i’=-s)

200 sq.ft/d

0.00 ;

1 10

t/t

Figure 4.19c. Pumping test results at well MW-9.
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Well 5 —— 3/12/90
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Figure 4.20a. Pumping test results at well MW-5.
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Injection/Recovery Test
Well 5 —— 3/12/90
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THEIS BUILD—UP ANALYSIS: _ |
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Theis Recovery Analysis
Well 5 —— 3/12/90
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Figure 4.20c. Pumping test resuits at well MW-5.
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Injection /Recovery Test
Well 3A —— 3/13/90
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Figure 4.21a. Pumping test results at well MW-3A.
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Injection /Recovery Test
Well 3A —— 3/13/90

THEIS BUILD—UP ANALYSIS: . B
Transmissivity = (QsWu) / (4=pixs) = 3.8 sq.ft/d
where Q = 1 gpm, Wu = 1, and s= 3.2 ft.
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Figure 4.21b. Pumping test results at well MW-3A.
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Figure 4.21c. Pumping test results at well MW-3A.
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Injection /Recovery Test
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Injection /Recovery Test
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Figure 4.2le. Pumping test results at well MW-3A.
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Table 4.7, Summary of Injection/Recovery Test Results.

Injection Transmissivity Storage
Well (ft2/d) Coefficient Method

2A 2.2 -- 1

2A 7.5 - 22 -- 2

11 5.1 -- 1

11 13 -- 3

9 370 -- 3

9 200 -- 2

5 15 -- 1

5 15 -- 2

3A 3.8 -- 1

3A 10 - 23 -- 2

3B 73 0.013 1

Method: 1 = Theis equation (Reed, 1980)

Theis recovery equation (Kruseman and DeRidder, 1976)
Least-squares best-fit analysis based on superposition
of the Theis equation
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the optical brightener., The locations of the injection sites and
monitoring points are shown in Figure 4.22.

The tracer study was qualitative in scope. The identification of
point-to-point connections between input and recovery points was the
major goal of this study. However, the study was also designed to
provide some quantitative informaticn (i.e., precise dye
concentrations) that could be applied to the evaluation of contaminant
transport characteristics, including persistence, dispersion rates, and
concentration.

The following tracer dyes were injected, in the quantities shown
below, on March 19, 1990:

Dye Amount Injection Site
Rhodamine WT 4 ounces MW-2A
(20% solution)
Fluorescein 2 ounces MW-2B
Optical Brightener 7 ounces MW-11

These dye quantities were selected to provide a detectable amount of
dye at the recovery points, but remain below visible levels.

A1l dyes were mixed in 55-gallon drums prior to placement in the
wells. A1l dyes were handled with dedicated mixing equipment to
minimize the potential for false positive traces and questionable
interpretations. Approximately 40 gallons of Rhodamine WT dye
solution, 12 gallons of Fluorescein dye solution, and 35 gallons of
optical brightener dye solution were added to the respective wells.
The Rhodamine WT and Fluorescein solutions were added to the wells over
a period of 20 minutes, and the optical brightener was added to the
well over a period of about 60 minutes. The optical brightener was
added over a longer period because of the low injection rate at which
well MW-11 would accept the solution.
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4.4.3.2 Dye Sampling
Sampling for the tracers was conducted on the following dates:

Date Number of Days After Injection
3/19/90 Background prior to injection
3/20/90 1 day

3/21/90 2 days

3/23/90 4 days

3/26/90 7 days

3/29/90 10 days

4/02/90 14 days

4/09/90 21 days

4/20/90 32 days

Dye was monitored and recovered by:

. The collection of discrete water samples from selected wells;
and

. The collection of passive dye detectors that had been placed
in selected wells and seeps.

Discrete water samples were collected from wells MW-2A, MW-2B, MW-3A,
MW-3B, MW-4, and MW-8 throughout the tracer study. The purpose of the
water samples was to collect quantitative dye concentration
information. The samples were collected from each well with a
dedicated bailer. Purging the wells prior to sampling might have
artificially accelerated the movement of tracer in the system.
Consequently, samples were collected from each well without purging.
Two passive detectors were placed in selected wells and seeps
throughout the tracer study: (1) an activated charcoal detector {for
Rhodamine WT and Fluorescein) and (2) an unbleached cotton detector
(for visual identification of the Rhodamine WT, Fluorescein, and the
optical brightener). The activated charcoal detector consisted of a 2
X-2-inch packet made of fiberglass window screening, filled with 6 to
14 mesh activated carbon. The cotton detector consisted of the same
type of packet filled with unbleached surgical cotton. The packets
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placed in the wells were suspended half-way through the water cclumn in
each well using nylon string. The packets placed in the seeps were
submerged in small "seep pools" at the two locations where the seeps
emerged from the stone retaining wall at the site.

Charcoal and cotton detectors were placed in wells MW-2A, MW-2B,
MW-3A, MW-3B, MW-4, MW-8, the uphill seep, and the downhill seep.
Cotton detectors only (for the detection of the optical brightener)
were placed in wells MW-5, MW-6, MW-7, MW-10, and MW-11.

4.4.3.3 Sample Analysis

The samples collected during this tracer study were analyzed
several different ways, including both qualitative and quantitative
analysis.

The cotton packets were qualitatively analyzed by viewing the
packets under a long-wave length ultra-violet light to determine the
presence of fluorescence. Cotton that has absorbed dyes will
characteristically fluoresce blue-white for the presence of optical
brightener, canary yellow for the presence of Fluorescein, and orange
for the presence of Rhodamine WT.

The carbon packets were both qualitatively and quantitatively
analyzed. In the laboratory, the dye was qualitatively analyzed by
first elutriating the carbon with an elutriant (alcohol-based) solution
and visually checking for the characteristic dye color. The elutriant
was then quantitatively analyzed with a Shimadzu
spectrofluorophotometer. With this instrument, concentrations as low
as 1 ug/1 could be quantified. Discrete water samples were also
quantitatively analyzed with this instrument. A11 dye handling,
sampling, and analysis was done according to procedures presented in
USEPA 904/6-88-01, Application of Dye-Tracing Techniques for
Determining Solute-Transport Characteristi f Ground Water in Karst
Terranes. All analyses were done by Lancaster Laboratories, Inc.,
Lancaster, Pennsylvania.
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4.4.3.4 Results

The results of the tracer test are summarized in Tables 4.8 and
4.9 and are graphically presented in Figures 4.23, 4.24, and 4.25.

The results of the tracer study are varied. All qualitative
analysis of the cotton packets indicated no visible fluorescence.
Consequently, no optical brightener, Rhodamine WT or Fluorescein was
visibly detected. In addition, no Fluorescein was detected in the
discrete water and carbon samples collected from the seeps and wells
beyond the injection points.

The Rhodamine WT appeared to move quickly through the system, as
it was detected in carbon detectors in wells and seeps within 2 to 4
days. However this dye was not detected in discrete water samples
obtained from most points, with the exception of well MW-3A (see

Figure 4.25). At location MW-3A, the dye was detected 4 days after the
injection.

4.5 GROUNDWATER SAMPLING

4.5.1 MWater-Level Monitoring

Several rounds of water-level monitoring were performed at the
site to assess groundwater flow gradients over time. Water-level
measurements were made at each well prior to groundwater sampling in
January and May. Additionally, two to three water-level surveys were
conducted each month from January through April, 1990. Measurements
were made using a hand-held electronic meter. A1l readings were made
from the designated measuring point.

Water-levels from each survey are tabulated in Appendix E. These
data were contoured to produce potentiometric surface maps for eleven
surveys. Groundwater seep elevations, obtained from a site topographic
map, were included with the contoured data set. The maps are provided
in Figures 4.26 - 4.37. Note that data from well MW-10 has not been
used in production of these maps. The slow, incomplete recovery after
groundwater sampiing in January and the extremely low hydraulic
conductivity observed at well during slug tests indicate that this well
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is not connected to the primary flow system. Attempts to include these
data produced misleading gradient patterns.

The maps demonstrate that groundwater flow is toward Brandywine
Creek. A slight bulge in the contours just north of MW-8 represents
the area of groundwater discharge at two seeps. In general, the water
tabie is five to ten feet below the ground surface.

4.5.2 Water-Quality Monitoring

4.5.2.1 Procedures

Two rounds of groundwater sampling were performed at the site.

The first round of sampling was performed during the period January
11-12, 1990. The second round of sampling was performed during the
pericd May 16-17, 1990. Two seeps were scheduled to be sampled at the
same time as the well sampling. However, for both rounds there was
insufficient flow present from these seeps for sampiing purposes.
Consequently, no seep samples were collected for chemical analyses.

The first round of groundwater sampling was conducted over a two-
day period. On the first day (January 11, 1990), all existing and
newly installed monitor wells were purged. Three well volumes were
removed from each well, if possible. Many wells have extremely low
yield and recovery; consequently, these wells were purged by pumping
them dry several times. Because of the extremely low water yield of
many of the wells, all wells were allowed to recover overnight prior to
sampling. This overnight recovery period was required to allow a
sufficient volume of water to collect into all of the welis and provide
for consistency in the sampling of all wells.

Actual first round well sampling began on the second day (January
12, 1990). The wells were sampled in order of least suspected
contamination to most suspected contamination. The sequence of well
sampling was as follows: MW-1B, MW-1A, MW-11, MW-10, MW-9, MW-7, MW-6,
MW-5, MW-8, MW-4, MW-3B, MW-3A, MW-2B, and MW-2A. A1l sampies were
collected according to the procedures provided in the approved RFI work
plan, Attachment 4, Data Collection Quality Assurance Plan (July,
1989). A total of 17 sampies were collected, including 14 groundwater
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samples, 1 duplicate sampie, 1 equipment rinseate blank, and 1 trip
blank.

The second round of sampling was conducted in the same manner as
the first. As with the first round of sampling, no major problems were
encountered during the second round of sampling. Field data recorded
during sampiing are provided in groundwater sampling logs (Appendix F).

4.5.2.2 Sampie Analysis

Round 1 groundwater samples were analyzed for volatile organic
compounds, metals and biphenyl/biphenyl oxides. Four samples were
analyzed for the complete 1ist of Appendix IX compounds. Round 2
groundwater samples were analyzed for volatile organic compounds only
based on the results of Round 1 sampling, which showed 1ittle or no
concentration of metals and semivolatiles. The samples from monitor
wells were analyzed for the parameters shown in Table 4.10.

4.5.2.3 Results

The results of groundwater sampling are presented in Tables 4.1la
and 4.11b. Data summary packages of the laboratory reports are
provided in Appendix G. These packages were prepared by a quality
assurance specialist, who performed validation on at least 10% of the
samples in addition to compiling the data.

The majority of compounds detected in the groundwater were
volatile organics. Analytes detected at greater than I ppm include
1,2,-dichloroethene, trichloroethene, and 1,1,2,2-tetrachloroethane.
Additional VOCs detected include vinyl chloride, methylene chloride,
acetone, tetrachloroethene, I,1-dichloroethene, 1,1,1-trichloroethane,
1,1,2-trichloroethane, toluene, chlorobenzene, xylenes, chloroform,
carbon tetrachloride, benzene, and ethyl benzene. These detections are
consistent with the volatile organic compounds detected in the soils.

Comparison of duplicate samples collected at wells MW-2A and MW-3A
show good reproducibility of results. The reported values are within
90% or better of the primary sampie result. Comparison of Round 1 and
Round 2 results shows no consistent trend in concentration changes at
the well over time. Concentrations in Round 2 show a decrease at eight
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Table 4.10. Groundwater sampling data.
Round 1 Round 2
Sampling Sampling Event
Sample ID Well ID Event Analyses Analyses
DEMW-1A MW-1A PP VOA!, Metals?, B/BO3 PP VOA
DEMW-1B MW-1B PP VOA, Metals, B/BO PP VDA
DEMW-2A MW-2A PP VOA, Metals, B/BO PP VOA
DEMW-2B MW-2B Appendix IX4, B/BO PP VOA
DEMW-3A MW-3A PP VOA, Metals, B/BO PP VDA
DEMW-3B MW-3B Appendix IX, B/BO PP VOA
DEMW-4 MW-4 PP VOA, Metals, B/BO PP VOA
DEMW-5 MW-5 PP VOA, Metals, B/B0O PP VOA
DEMW-6 MW-6 PP VOA, Metals, B/BO PP VOA
DEMW-7 MW-7 Appendix IX, B/BO PP VOA
DEMW-8 MW-8 Appendix IX, B/BO PP VOA
DEMW-9 MW-9 PP VOA, Metals, B/BO PP VOA
DEMW-10 MW-10 PP VOA, Metals, B/BO PP VOA
DEMW-11 MW-11 PP VOA, Metals, B/BO PP VOA
DEMW-12 Duplicate PP VOA, Metals, B/BO PP VOA
of MW-3A
DEMW-13 Duplicate Not Analyzed PP VOA
of MW-2A
DEMW-FB Field Blank Collected after well MW-3A PP VOA
PP VOA, Metals, B/BO
DEMW-TB Trip Blank PP VOA PP VOA
1pp VOA - priority pollutant volatile organic analyses
ZMetals - priority poilutant inorganics
3B/8BO - biphenyl/biphenyl oxide

4 Appendix IX

analyses, including: volatile compounds; semivolatile
compounds; organochlorine pesticide compounds;
organophosphate pesticide compounds; herbicide
compounds; dioxin compounds
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Table 4.11a. Total volatile organic compounds and semivolatile
compounds in groundwater.

Open Total Semi- Biphenyl/

Interval | Total VOCs (ppb) | volatiles! (ppb) Biphenyl Oxide
Well ID | (ft-ft) Round 1 Round 2 Round 12 (ppb) Round 12
MW-1A 10 - 39 4 ND NA ND
MW-1B 42 - 102 13 3 NA ND
MW-2A 20 - 22 630 2151 NA 363
MW-2A 20 - 22 NA 2162 NA ND
MW-28 42 - 81 89041 10060 35 ND
MW-3A 5-20 752 383 NA ND
MW-3A 5- 20 708 419 NA ND
MW-3B 26 - 39 11090} 6803 16 ND
MW-4 13 - 21 47 166 NA ND
MW-5 8 - 20 il 19 NA ND
MW-6 8 - 20 373 714 NA ND
MW-7 11 - 40 1181 27 9 ND
MW-8 8 -19 1882! 1137 3.9 ND
MW-9 8 - 19 7 10 NA ND
MW-10 9 - 42 13 8 NA ND
MW-11 8 - 20 201 5 NA ND

1Appendix IX list

2Samples collected under Round 2 were analyzed for VOCs only
ND - Not Detected

NA - Not Analyzed
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wells and an increase at six wells. Note that this comparison is not
exact because the Appendix IX volatiles list differs slightly from the
Priority Pollutant volatiles 1ist used in Round 2 for four samples.

Total semivolatile compounds analyzed under the Appendix IX list
were detected in only minor quantities. Concentrations ranged from
3.9-35 ppb. Biphenyls were detected only in MW-2A at a concentration
of 363 ppb.

No cyanides or dioxins/furans were reported for any sample site.
Concentrations of pesticides, reported in three samples (MW-8, MW-3B,
and MW-7), ranged from 0.04-0.06 ppb. Herbicides were reported in one
sample only (MW-8) at a total concentration of 0.54 ppb. The
sampling resuits are consistent with the historic data. The highest
concentrations are observed at MW-2B and MW-3B, south of the
incinerator area. It should be noted that concentrations at MW-2A
historically have been significantly higher than reported here. This
is most likely due to the change in open interval from twenty feet to
two feet caused by in-filling of the well with grout during
construction of MW-2B.

4.6 SURFACE WATER SAMPLING

4.6.1 Procedures

One round of surface water sampling was performed on January 12,
1990. Four surface water stations were sampled. Sample locations are
shown in Figure 4.38. A1l samples were collected according to the
procedures provided in the approved RFI work plan, Attachment 4, Data
Collection Quality Assurance Plan (July 1989). A total of seven
samples were collected, including four surface water samples, one
duplicate sample, one equipment rinseate blank, and one trip blank.

The surface water samples were analyzed for the parameters shown in
Table 4.12.

4.6.2 Results
The results of surface water sampling are presented in Table 4.13a
and 4.13b. For all samples, the reported VOC results represent
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Table 4.12. Surface water sampling data.

Sampled ID Location Analyses

DESHW-1 SW-1 PP VOA!, Metals?, B/BO3
DESHW-1 SW-2 PP VOA, Metals, B/BO
DESH-3 SW-3 PP VOA, Metals, B/BO
DESW-4 SW-4 PP VOA, Metals, B/BO
DESW-5 SW-3 PP VOA, Metals, B/BO
DESW-FB Field Blank PP VOA, Metals, B/BO
DESW-TB Trip Blank PP VOA

1PP VOA - priority pollutant volatile organic analyses
ZMetals - priority pollutant inorganics
3B/BO - biphenyl/biphenyl oxide
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Table 4.13a. Surface water sampling results for total VOCs and

biphenyls.
Biphenyl/Bipheny]l
Sample No. Sample Date Total VOC (ppb) Oxide (ppb)
DESW-1 01/12/90 5 ND
DESW-2 01/12/90 5 ND
DESW-3 01/12/%0 5 ND
DESW-4 01/12/90 5 ND
DESW-5 01/12/90 6 ND

ND - Not Detected
NOTE: Refer to Figure 4.38 for location of sample.
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Table 4.13b. Metals in surface water.

Concentration {ppm)

Parameter DESW-1 DESK-2 DESW-3 DESW-4 DESW-5
Antimony <60.0 <60.0 <60.0 <60.0 <60.0
Arsenic <10.0 <10.0 <10.0 <10.0 <10.0
Beryl1ium < 5.0 < 5.0 < 5.0 < 5.0 < 5.0
Cadmium < 5.0 < 5.0 < 5.0 < 5.0 < 5.0
Chromium <10.0 <10.0 <10.0 <10.0 <10.0
Copper <25.0 <25.0 <25.0 <25.0 <25.0
Lead < 3.0 < 3.0 < 3.0 < 3.0 < 3.0
Mercury < 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Nickel <40.0 <40.0 <40.0 <40.0 <40.0
Selenium < 5.0 < 5.0 < 5.0 < 5.0 < 5.0
Silver <10.0 <10.0 <10.0 <10.0 <10.0
Tallium <10.0 <10.0 <10.0 <10.0 <10.0
zinc <20.0 26.8 <20.0 <20.0 <20.0
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methylene chioride, which was the only analyte detected. Methylene
chloride was also detected in the blank for these samples. Therefore,
it is assumed that no detectable VOCs were actually present in the
sampie. Biphenyls also were not detected in any samples.

4.7 SEDIMENT SAMPLING

4.7.1 Procedures

One round of sediment sampling was performed; however, samples
were collected on two separate dates {January 12, 1990 and March 16,
1990). Initially, complete sediment sampling was performed on
January 12, 1990. However, the laboratory exceeded holding times for
analysis of the samples for biphenyl/biphenyl oxide. Consequently,
additional samples were collected on March 16, 1990, and analyzed for
biphenyl/biphenyl oxide.

Four sediment stations (located at the surface water sample
stations) were sampled. A1l sediment samples were collected according
to the procedures provided in the approved RFI work plan, Attachment 4,
Data Collection Quality Assurance Plan (July, 1989). A total of seven
samples were collected, including four sediment samples, one duplicate
sample, one equipment rinseate blank, and one trip blank. Sediment
samples were anaiyzed for the parameters shown in Table 4.14.

With the exception of the laboratory problem previously stated, no
major problems were encountered during sediment sampling.

4.7.2 Results

The results of river sediment sampling are presented in Table
4.15a and 4.15b. For samples from Station 3 (DESD-3 and DESD-5), the
reported VOC results represent three detected analytes: (1) trans-1,2-
dichloroethene, (2) trichloroethylene, and (3) tetrachloroethyliene.
For the sample at Station 4 (DESD-4), the only detected analyte was
toluene. The fact that toluene is present downstream from the site but
does not occur in sediments at the site suggests that another source
for this compound exists downstream of the Experimental Station.
However, the Experimental Station is a likely source for the VOAs
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Table 4.14. Sediment sampling data.

Sampled ID Location Analyses

DESD-1 SW-1 PP VOAl, Metals!, 8/B02
DESD-2 SW-2 PP VOA, Metals, B/BO
DESD-3 SW-3 PP VOA, Metals, B/BO
DESD-4 SW-4 PP VOA, Metals, B/BO
DESD-5 SW-3 PP VOA, Metals, B/BO
DESD-FB Field Blank PP VOA, Metals, B/BO
DESD-TB Trip Blank PP VOA

1Sampled 1/12/90
2Samples 3/16/90
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Table 4.15a. Sediment sampling results for total VOCs and

biphenyis.
Biphenyl/Biphenyl
Sample No. Total VOC (ppb)! Oxide (ppb)?2
DESD-1 ND ND
DESD-2 ND 16
DESD-3 422 ND
DESD-4 21 ND
DESD-5 558 26

1VOC samples collected January 12, 1990
2Biphenyl/Biphenyl Oxide samples collected March 16, 1990
ND - Not Detected

NOTE: Refer to Figure 4.36 for location of samples.
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Table 4.15b. Metals in sediment samples.

Concentration (ppm)

Parameter DESD-1 DESD-2 DESD-3 DESD-4 DESD-5
Antimony <8.82 <7.79 <8.57 <8.70 <7.32
Arsenic <1.47 4.12 1.85 <1.45 2.09
Beryllium <0.74 8.42 <0.71 <0.73 0.566
Cadmium <0.74 53.1 <0.71 <0.73 <0.61
Chromium 22.8 207 22.0 18.8 26.3
Copper 11.1 52.4 33.2 25.0 32.3
Lead 3.82 46.7 49.0 85.4 39.9
Mercury <0.15 3.05 2.04 <0.14 1.21
Nickel 14.9 42.5 17.0 15.6 15.5
Selenium <0.72 <0.65 <0.71 <0.72 <0.61
Silver <1.47 <1.30 <l.42 <1.45 <l1.22
Tallium <1.47 <1.30 <l.42 <1.45 <1.22

Zinc 49.8 396 134 121 170
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detected at Station 3 based on the high concentration of VOAs present

in the soil at soil boring C, located upslope from Station 3.
Biphenyls were detected in one sample from Station 3 but not its

duplicate. This is a reflection of the inherent heterogeneity in the

sediment material itself. Biphenyls were also detected at Station 2
upstream from Station 3.
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5 CHARACTERIZATION OF ENVIRONMENTAL SETTING

5.1 GEQLOGIC SETTING

The geologic setting in the vicinity of the site is described in
the Titerature as consisting of meta-igneous rocks of the Wilmington
Complex. The formation is primarily characterized as a hard, banded
gneiss with narrow, widely-spaced joints. Locally, the formation is
known as the "Brandywine Blue Granite". The major structural features
in the area trend northeast and northwest. Section 4.1.2 provides a
more detailed discussion of the regional structural geology.

The site itself is lTocated along the banks of the Brandywine
Creek. The area of investigation is situated along a steep slope with
numerous bedrock outcrops. The bedrock surface slopes toward the river
as shown in Figure 5.1, Cut and fill activities over several decades
have modified the topography. The bedrock is overlain by a mixture of
colluvium and fill material. The thickness of the overburden varies
across the site and a range of 2-18 feet was observed from subsurface
investigations for the RFI. A schematic cross-section of the site is
shown in Figure 5.2.

Geologic logs prepared from well and test pit installations show
that the site geology is consistent with the regional setting. At
nearly all locations encountered, the rocks consist of a hard,
variably-fracture gneiss overlain by heterogenous, unconsolidated
materials. Two exceptions to this description are the MW-3A and MW-3B
locations. At these sites, the bedrock is not encountered except as
broken, weathered material. The unconsolidated material that extends
the Tength of the boring appears to be in-situ, natural material. It
appears that these wells intersect sand-filled, vertical fracture
zones.

The overburden is generaily a sandy-silt matrix with clay,
cobbles, and boulders. Different types of fill materials are present,
often in vertically discrete, but horizontally discontinuous zones.
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Typical example descriptions include:
. Ash.
. Fill with cobbles, boulders and clay.

. Fill with glass, bricks, cinders.

Color of the fill ranges from orange to grey to brown.

5.2 HYDROGEOLOGIC SETTING

Regionaily, the Wilmington Complex has low secondary permeability
and well yields are generally low. Woodruff (1981) reports that "the
yield of the average house well is about 1 gpm and dry holes are fairly
common." The Brandywine Creek represents a major discharge point for
the bedrock aquifer in the vicinity of the site.

The hydrogeologic setting at the site is characterized by a
saturated, low-permeability bedrock aquifer and a variably-saturated
zone in the overburden. Groundwater flow is primarily through
fractures and along the overburden/bedrock interface. Permeability in
the bedrock aquifer appears to decrease with depth as evidenced by the
slow recovery rate observed in deep wells MW-1B and MW-2B during
aquifer testing. Additionally, tracer test results showed little or no
movement of the Fluorescein dye from well MW-2B.

Aquifer test results for slug tests and pumping tests demonstrate
the variability in hydraulic properties over the relatively small area
of investigation. Estimated hydraulic conductivity values range over
five orders of magnitude.

Numerous water-level surveys demonstrate that the groundwater flow
direction is consistently toward Brandywine Creek in all sections of
the area of investigation. In fracture flow, discrete flow paths may
turn in many directions before reaching the main discharge boundary.
However, based on the structural evidence presented in Section 4.1,
flow paths at the site should trend primarily northwest-southeast
toward the river. This is supported by pumping test results and tracer
test results that show progressively less hydraulic connection between
MW-2A and other site wells with increasing distance to the southwest.
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For example, good hydraulic connection exists between well MW-2A and
wells MW-3A, MW-3B; moderate connection is observed between MW-2A and
MW-8 and MW-4; and no connection is observed between MW-2A and the
remaining wells. The occurrence of two seeps behind storage area 23,
where bedrock is close to ground surface, is evidence that some
groundwater travels along the overburden/bedrock interface. The
detection of Rhodamine dye in the seeps during the tracer tests
indicates a hydraulic connection to the aquifer in the vicinity of
MW-2A.

A1l together the data suggest that groundwater in the vicinity of
the incinerator discharges relatively quickly and directly to the river
along a northwest/southeast-trending zone. Discrete groundwater flow
paths in the area west of the incinerator can not be identified because
of the lack of observable responses during pumping tests and tracer
tests.

Any groundwater discharged from the study area will mix with and
be diluted by the creek water. Table 5.1 is a recent report of the
flow in Brandywine Creek nearby and upstream of the site, The 42 year
record indicates that the average flow has been 477 cubic feet per

second. The minimum daily discharge during the period of record was 50
cubic feet per second.

5.3 GROUNDWATER DISCHARGE TQ BRANDYWINE CREEK

The geometry of the water bearing zone and available groundwater
and surface water elevation data clearly demonstrate that groundwater
below the study area discharges to Brandywine Creek. On the other
hand, the quantity of groundwater flow is not so readily evaluated.
Typical of fractured and low permeability hydrogeologic units, the
aquifer testing showed a high degree of heterogeneity (i.e.
transmissivity values ranging over 5 orders of magnitude). The extreme
heterogeneity makes direct estimation of groundwater discharge
difficult.

The quantity of groundwater discharge to Brandywine Creek is
critical element in the feasibility studies to be done under the
Consent Order, governing the site. In particular, the groundwater
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Table 5.1. Discharge record for Brandywine Creek from USGS
gauging station 0.2 miles downstream of Rising Sun
Bridge.

DELAWARE RIVER BASIN
Qla81500 BRANDIWINE CREEK AT WILMINGTOM, DE

LOCATION. --Lac 19°46°Q8~, long 7371&° 257, Mew Castle County, Bydrolegic Uult 02040205, on gight hank In Rockford
Park, 9.2 mi downgromrem from Rising Sun Bridge, in Wilmingtaon, and 4.2 my upstream f{rem mouth.

NRATMAGE APEA. --314 mz.

PERICO OF RECORD,~--Ogtober 1946 ta current yeae., Prior ts Decemcer L9484 monthly dlactiasge only, publishod in

=I2 LI2

REVIZID RECCRDYS. -WSD 1432; 1848, 1039, ‘

GAGE.--Water-stase recorder and ¢oncrete contral. Datum of gage L3 88,27 Zt above Mational Geodstic Vaertical Dacum
nf 1323

REMARNS, «-Recards good except thoae for satimated daily dischersea (iGe sffecL), which are fair. Some diurnal
Lluctuation at low flow caused by mills upstrsem from station. Flow regulated since Hovember 1873 by Marah
Cr=ek Resacrmir, capacity 7,220,000,000 gal, about 27 @i upstream. No aiversion just upstresm from atatisn by
Fiarnt of E. [. du Pont de Nemours & Co. wince June 13, 1360. Several measursmants of watsr Lempecatura were
mace during the year. Water-quality records Sor some priar pertods hava bsen collecred at this location.

AVTRAGE JISCHARGT ., --4¢ years, 477 zt.als. 20.83 in/ry, adjuated far storage #inco Hovembar 16573 i

EATREMES FOR PERISC QF REZORD. »~Maximum discharge, 29,300 ::3,’.!. Junw 23, 1972, gase height, 15.43 £%, frzo rating
eurve gXtanded above 18,000 tt’ls; minimum diacharge, sheut 30 IL].-'.-.. Uec, 235, 1844, durlug peslod of iss
elligct, mini™um dally discharyw, 3G t:aln, Aug. 23, 24, 10357,

FATREMS FOR CURRENT YEAR, ~=Peak discharges greater than bass cizcharge ot &,003 tL:

/2 and meaidun {*):

Dischacgs Gaxa helght Lacharzge Gage height
Cate Timw ::t.al:: (Le) Latas Time !::3. a) [f4 %
Nav, 32 Wi 5,690 8 s *ag. 20 1725 4,753 7 %
Jan. 2D SRS (a} =g.47 May 19 2245 =%, 6L0 8.21

3 Iee 2um
. ]
Mingawn disemarge, B9 £::fs, Qer, 26, gage hesght, Z.238 7t =animum asily dischsfze, 19 Li /s, Aug. 7.

DISCHARGE, IN CUBIC FEZT PER ZECUNU, WAL AR OCT2BER 1307 TO SEPTEMAER 1G8d
MEAN AL

Cay ocT HoV DES IAN FEB MAR APR HAY JUN JUL ady S22
1 Las 182 1040 h T 783 L33 3i0 392z [ 134 26 .

2 1€3 181 338 3 1500 458 152 163 [3-38 141 22 7%
& il ite Lt 285 11310 -1 b 1Y) 30 419 177 2454 -1

- ic? 411 429 226 a1z Gle 51 Jsa 412 172 220 483

] pd =hed 160 e? w230 ras l1i8c 3Te 441 405 133 191 was

3 122 t53 383 297 Y- 8§06 3su Liso 386 Pl 182 3112

! o9 4 160 E1Y:] car aca 539 609 913 370 L57 152 231

8 203 H: Hel 257 L84 &50 721 $85 Jas 145 172 m

y 171 170 283 301 Wbk 433 451 517 3aa 182 £ 1583
10 164 2% 280 264 428 31 184 [1:38 385 123 1:6 169
R 1b4 82 283 228 417 393 372 23T 353 L35 127 1R2,
ad R¥ 28 153 ohl 1780 133 361 B85 338 13 1z0 MR,
b 1G5 a8 2157 253 10%0 3es 3t 537 333 15% 1u§ 187
e 1en 28 24] 248 320 k) 352 502 322 k3 136 187
iRs 160 293 335 %8 %89 J74 sl Wh7 2 ] 123 132 152
ig i8l 27t 316 257 2040 Jssg Jou a2 310 18 121 137
17 137 247 kk v} 228 1030 361 155 [T Jga 1 119 133
8 162 248 289 313 651 3136 3as 683 h1r):} 743 1+1 163
19 161 A %] 276 564 763 5.1} u77 4250 239 k11 129 158
22 167 214 3aa8 %2430 2320 356 &1 1810 254 1150 163 148
i 194 230 376 1330 §77 350 a7g 121w 282 885 283 1461
P 22% 184 Jon 558 643 3as 158 1048 287 1940 168 132
23 a3 194 27 460 B51 a0’ 164 1090 255 750 13s 128
as Y 297 283 Lib 52 s8] 383 1230 238 1330 513 145
25 174 2C6 282 837 561 Jas asz 823 29 38a 3i6 1.8
25 nEA 255 329 512 530 323 327 GGG 225 430 17z 152
a7 142 202 p1+1-] 400 548 804 aa:s 283 217 830 147 141
24 726 203 268 365 537 al8 g2 448 04 973 10 132
29 3 500 254 413 s13 g3 486 520 202 589 427 127
13 228 4220 25% 419 L m YY) 49 195 JuB 598 124
A 128 .= a7 %23 SO0 360 D00 462 Ot 305 257 CIL
TATAL 62F) 114967 10845 1864 26118 12172 124693 26668 0544 16032 8841 5108
MEAN 105 k3-1 150 wa? 2 &57 416 [- 18 118 «53 214 20%
Hax pi) 4500 1040 2620 2320 1180 972 &2ED0 [Y.38 1860 6498 1030
“i HEg 153 243 228 68 133 a27 1z0 155 128 119 126
ity -0.5 *11.8 -0 9 -23.1 5 4 +19.2 0 -1.90 -1.2 +5.9 -4.6 -2.9
i 7086 &1l 2% 424 437 476 L18 B4a 317 438 208 2ol
N 83 b 1.€8 138 2.37 1.52 1,32 2.72 1.01 1.48 Q.67 0.8&

.78 1.68 =l 1. 50 2.37 1.74 1.48 1.2 1.13 1.68 8.77 9.71

Tan AR OL38T 0 TOT
~TR YR ludd TOTAL

161793 MEAN Ja3 mAX 6330 M 32 MEAN» 390 GFSMe 3,24 IN®  L6.86
135422 MEAN 428 MAX 4tD0 MIN 119 MEAHs 428 CFSMP 1,36 INe  18.35%

= Freimated

} Thange LN sontents 1n Marsh Crgak Reservotis, eguivalant tn cubic Ceet per sacond, psovided by Peonnzylvania
Jepustoami @f Epwirsamencal Resourzas :

Foantusied Jol wbatige 30 Ceswrvair conbenti.
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discharge together with contaminant concentrations in wells will be
used to estimate mass loadings of contaminants to the creek. Because
the creek is the primary receptor of potentially contaminated
groundwater, loadings to the creek are critical to both the need and
extent of remedy.

The analysis that follows was intended to:

(1) provide a best estimate of groundwater discharge to
Brandywine Creek along the reach of the study area;

(2) provide a measure of the confidence in the discharge
estimate; and

(3) quantify variations in discharge at different locations along
the reach of the creek in the study area.

A related issue was the significance of the high permeability
determined for one the wells (i.e., MW-9). More specifically; could a
small high permeability zone yield large groundwater discharges?

5.3.1 Flow Analysis Approach

A stochastic groundwater flow analysis was used to evaluate
groundwater discharge to the creek. The stochastic approach was chosen
because of the flow system complexity. The approach was selected to
provide not only discharge estimates but a basis for assessing
confidence in the estimate.

The analysis procedure consisted of the following steps:

(1) The transmissivity data from the slug tests were interpolated
using a kriging program (AKRIP). The results included
estimates of the mean and variance of log transmissivity on
ten foot centers over the study area.

(2) A finite-element grid was designed with element centers
corresponding to points at which transmissivity was estimated
using the kriging program.

(3) The finite-element program SEFTRAN was used to calculate head
values using transmissivity estimates selected for each
element from a log normal distribution using the kriged
values for mean and variance.
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(4) The calculated head values were compared with observed
groundwater elevations. The comparison showed that the lower
transmissivity estimates were not representative at the
element scale of 10 feet by 10 feet.

(5) Several additional flow simulations were performed,
successively raising the lower bound on transmissivity until
a reasonable comparison between observed heads and computed

heads were achieved. The minimum transmissivity value was
2.4 ftZ per day.

(6) A series of 50 simulations were run. Each simulation
corresponded to an independent realization of the kriged
transmissivity data. The discharge rates for each node point
along Brandywine creek were computed and summarized. These
results provide estimates of groundwater discharge and
variability to Brandywine Creek.

The computer program AKRIP was used to interpolate the
transmissivity data collected from the slug testing. The program is
described by Kafritsas and Bras (1981). The method used to provide the
interpolation is called kriging and is based on the theory of intrinsic
random functions of order k (IRF-K). Kriging not only provides
estimates of transmissivity but also provides a measure of the estimate
error or variance.

Because measured transmissivities varied over five orders of
magnitude, the log of the transitivity was kriged. Thus, the mean and
variance estimates are in terms of log transmissivity. The
transmissivity data used as input are provided in Table 5.2. The
results of kriging analysis are shown in Plates 5 and 6. Plate 5§ is a
contour map of the log,,T estimates and Plate 6 is the estimate of the
variance of log,,7. Estimates were obtained on a grid at 10 foot
centers corresponding to the center of the elements used for the flow
simulations using SEFTRAN.

SEFTRAN was used to simulate the groundwater flow over the study
area. SEFTRAN is a two-dimensional, finite-element program (GeoTrans,
1988). To use the program, a computational grid (finite-element grid)
is constructed over the area of interest (see Plate 7). For general,
steady-state simulations it is necessary to specify transmissivity,
recharge rates, pumping rates, and boundary conditions. For the
simulations performed here no pumping or recharge was specified.
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Table 5.2. Data used in AKRIP: coordinates are in feet and
transmissivity is in ft2/d.

Well No. X Coordinate Y Coordinate Log, T
1 626 359 -2.82
2 586 251 1.62
3 585 122 0.85
4 487 171 0.28
5 365 195 1.66
6 259 227 0.45
7 187 238 -2.82
8 547 161 0.11
9 296 203 2.32

10 73 237 -3.22
11 341 338 1.08
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Recharge in the study area is small compared to the flow from
upgradient because of the steep slopes and pavement and buildings.
Thus, the boundary conditions and transmissivity controlled the
simulated flow field.

The boundary conditions used in the model are illustrated in
Figure 5.3. While the creek can be considered a natural constant head
boundary, the specification of constant heads on the northern boundary
was done to 1imit the size of the computational grid. This would
normally overconstrain the solution and be undesirable. For the
present stochastic analysis however, interest is focused on discharge
to the creek and the limiting assumption is not significant.

The stochastic analysis was performed by making a series of 50
simulations using different transmissivity distributions based on the
kriged data. The transmissivity value for each element was generated
by random sampling from a Tog normal distribution using the log,,T and
its variance determined from the kriging analysis.

5.3.2 Results of Flow Analysis

For each of the 50 simulations, the results of the flow analysis
consisted of computed head values and estimates of discharge rates at
boundaries. Plate 8 shows the predicted groundwater elevations
averaged over the 50 simulations. Plate 9 shows the standard
deviations in head values from the 50 simulations. The averaged
conditions are comparable to observed data. In order to achieve a fair
comparison, it was necessary to alter the basic statistical sampling
procedure by setting a lTower boundary for estimated transmissivity. A
value of 2.4 ft/d was determined to provide the best comparison. If
the transmissivity estimate based on sampling from the kriged data was
Tess than 2.4 ft/d, the value for that element was set to 2.4 ft/d.
That it was necessary to make this adjustment, indicates that slug test
resuits showing very Tow transmissivities are not representative at the
element scale of 10 feet by 10 feet. Figure 5.4 shows the distribution
of transmissivities computed by the kriging program and one
distribution based on the sampling procedure. The sampled
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distribution has much higher transmissivities due to the lower bound of
2.4 ft2/d.

The primary result of interest is discharge to Brandywine Creek.
The results are tabulated in Table 5.3 for each node along the creek
(see Plate 7 for reference). From the 50 simulations, the maximum
discharge to the creek is 4345 ft3/d (0.05 ft3/s) and the minimum is
2022 ft3/d (0.0234 ft3/s). This discharge is small in comparison to
the flow in the creek. As noted in Section 5.2, flow in the Brandywine
Creek has averaged 477 ft¥/s over the 42 year period of record. Thus,
the flow in the creek is about 10,000 times greater than groundwater
discharge to the creek from the study area. The discharge estimates
along the creek (from the series of simulations) together with measured
groundwater concentrations of contaminant species can be used to
compute mass loadings of contaminants to the creek.
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Table 5.3. Discharge rates in ft3/d calculated from SATURN.

Node # Colum Row Fluxes: Run 1 Run 2 Run 3 Run 4 Run 5 Run & Run 7 Run 8

1 1 14 -3.4 -3.27 -3.76 -2.84 3.5 -1.54 -3.08 ~2.87

22 2 14 -4,39 -6.55 ~6.73 -5.69 -6,58 -9.52 ~6.14 -5.34
43 3 14 -5.a83 -6.59 -6.01 -5.68 ~6.42 -9.56 -6,09 6,16
64 & 14 -5.46 -5.85 -5.33 -5.568 -6,2 -4.16 -6.03 -6.97
85 5 14 -5.52 -5.14 -5.44 -5.67 -5.97 -4.87 -5.95 -6.98
106 -3 14 -5.61 -5.53 -5.51 -5.66 -5.8 -4,85 ~5.87 -6.18
127 7 14 -5.74 -5.89 -5.56 -5.64 -5.7 -5.59 -5.79 -5.38
148 8 14 -5.84 -5.91 -5.59 -5.62 -5.66 -6.36 -5.7 -5.39
169 9 14 -5.82 -5.59 -5.6 -5,59 -5.84 -6.39 -5.62 -5.41
190 10 14 -5.67 -5.27 -5.61 -5.55 -5.62 -5.67 -5.56 -5.42
211 1 14 -5.47 -5.25 -5.6 -5.49 -5.61 -4.97 +5.48 -5.41
232 12 14 -5.22 -5.2 -5.58 -5.37 -5.58 -5.01 -5.39 -5.38
253 13 14 -4.77 -5,12 -5.55 -5.06 -5.53 -5 -5.24 -5.33
274 14 14 -3.12 -5.02 -5.5 -5.35 -5.44 4.9 -4.96 -5,25
295 15 14 -10.6 -4.88 -5.45 -6.85 -5.35 -4.67 ~4.11 -5.14
316 16 14 -10.5 -6.7 -5.38 -5.67 -5.08 -3.87 -7.28 ~4.98
337 17 14 -2.72 ~4.47 -5.3 -5.465 -6.04 ~6.75 ~7.13 -4.73
358 18 14 -3.93 ~4.17 -5.2 -5.8 -6.07 -6.48 -3.44 -4,3
379 19 1% -3.7 -3.78 -5.08 ~3.97 -5.07 -2.33 -3.42 -3.2
400 20 14 -3.05 -3.21 -4.93 -3.44 4.9 -6.54 -4 .87 -8.95
421 21 1% -1.81 -2.9 «4,73 -5.33 -5.2 ~6.39 -3.95 -7.92
442 22 14 -20.7 =448 -4.81 -5.72 -5.63 -2.62 -5.18 -3.34
463 23 14 -19 -5.7 ~4.68 -2.48 -5.26 -3.21 -4.79 -3.34
484 26 14 -0.997 ~7.85 -7.82 -8.82 -4.07 -2.71 -1.85 -4.95
505 25 14 -7.73 -7.01 -8.14 =12 -2.33 -3.6 -20.5 -5,82
526 26 14 -B.&5 -18.8 -32.6 -14.2 -22.9 -14.2 -22.9 -5.5
547 27 13 -27.3 -26.6 -6.33 -2.6 -64 .6 -6.67 -32.7 -1.03
569 28 13 -39 -16.3 -8.02 -16.3 =173 -11.4 -54.1 -83.3
591 29 13 -55.5 =14 -113 -30.7 -70.4 -312 -19.7 -93.5
613 30 13 -182 -224 -116 -278 -38¢ -228 -185 =175
435 3 13 -263 -261 -164 -270 =441 =11 -210 =233
657 32 12 -5.73 -15 =135 -222 111 -9.23 -50.1 -33.1
&80 33 12 -2.03 =136 -59.3 -213 -136 -72.2 -69.6 -24.4
703 34 12 4.6 -239 ~48.7 -4.55 ~244 -97.7 -72.4 -19.1
726 35 12 -9.84 =109 -120 -6.05 -222 -97.4 -46.5 -47.1
749 356 12 -84.9 -39.8 =56 =215 =133 -117 -262 -33.9
772 37 12 =200 -80.4 =45.7 -285 -139 -58.6 =302 -129
795 38 12 -152 -49.7 -50.8 ~56.5 =13 -12.2 -20.7 -7
818 39 12 -21.1 -11.46 -123 -8.34 -440 -61.4 -56.9 -0.752
841 40 i2 -2.98 -2 -85.1 -8.96 =480 =130 -138 -37.1
B&4 &1 12 -258 -70.8 -2.58 -5.46 -3.32 -168 ~78.5 -41.7
B87 42 12 -208 ~46.9 -164 -129 -6.54 -92 -43.1 -150
910 43 12 -42.3 -50.3 =162 -154 -8.06 -55.5 =106 =134
933 44 1" -14.8 -8.02 ~40.6 -15.2 -198 -19.2 -62.6 -15.9
957 45 10 -4.54 =1.6 ~4,38 =15.1 4,34 -6.68 -2.48 -1.78
982 46 10 -2.08 -7.95 -6.89 -36.5 -7.23 -8.87 -0.253 -16.3
1007 &7 10 -8.49 -20.9 -19.4 -22.4 -B.97 -13.3 -8.35 -14.7
1032 48 10 -11.5 -20.9 -58.5 -4.B4 -34.6 -6,48 -11.2 -26.7
1057 49 9 -13.6 -10.3 -11.9 -23.5 =61.1 -26.7 -22.6 -31.4
1083 S0 8 -2.73 -3.39 -10.6 -11.3 -10.1 -26.2 -21.3 -4
1110 51 8 -3.13 -1 -10.9 -2.01 -7.36 -0.908 ~6.24 =14.6
1137 52 8 -43.6 -13.1 -9.48 -26.7 -13.4 -10.2 -10.6 -41.5
1164 53 7 -11.1 -2.53 -2.01 -16.2 +15.5 -5.96 -1.95 -8.78
1192 54 7 -12.7 -31 -166 -8.02 -26.3 -6.17 -24.7 -12
1220 55 6 -15.5 =14 .4 -7.82 -9.43 -9.52 -30.7 -17.7 -4.72
1249 56 5 -7.55 -8.76 -4 -24.5 -3.5 -1.43 -3.07 <41
1279 57 S -9.23 -5.38 -48.2 -14.6 ~55.9 -1.95 -18.1 =42.5
1309 58 S -10.9 -9.27 -43.6 -21.9 -95.1 -29 -16.3 -3.88
1339 59 S -24 -113 -23.8 =22 47 .4 -83.8 -43.5 -7.87
1369 40 4 -31.3 -72.5 -25.9 -132 -3.1 ~4.54 -47.3 -65.1
1400 61 3 -8.44 -6,02 -29.3 ~65,.56 -17.7 -10.6 -6.57 =119
1432 62 2 -4.32 -33.1 -47.6 -66.9 -57.2 -51.7 -6.96 -2.89
1445 63 1 -0.328 -13.6 -11.5 =149 -15.3 -14.2 -78 =3.44
1499 64 1 -61.5 -15.5 -65.3 -75.5 -3.97 =14.4 -54.2 -1.83
1533 65 1 -165 -2.76 -62.3 -0.957 -3.1 -13  -0.537 -1.26
1567 &6 1 =107 =115 -19.7 -77.9 -56.3 =280 =150 -53.3
1601 67 1 ~142 -89.5 -25.6 -66.4 -371 -219 =109 -38.3

-----------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : <2444 .865 -2239.81 -2417.32 -2912.49 -4344.73 -2547.15 -2637.13 -2074.19
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Table 5.3. (Continued).

Node # Column Row Fluxes: Run 9 Run10 Run 1l Run 12 Run 13 Run 14 Run 15 Run 16

1 1 14 -2.81 -2.84 «3.02 -2.92 -2.92 -3.8 -2.98 -3.17

22 2 14 -5.61 -5.67 -6.02 -5.82 -5.84 -5.81 -5.9% -6.34
43 3 14 -5.6 -5.67 -6 -5.8 -5.82 =5.4 -5.9 -6.38
(14 4 14 -5.59 =5.65 -5.95 -6.01 -5.79 -5.82 +5.85 -5.85
85 5 14 -5.56 -5.64 <5.9 -6.22 -5,76 -5.13 -5.8 -5.34
106 6 14 -5.54 -5.61 ~5.85 -6.21 -5.71 -5.35 -5.78 =5.41
127 7 14 -5.5 -5,58 -5.8 -5.97 *5.67 -5.42 -5.76 -5.45
148 8 14 -5.46 +5.55 -5.75 -5.74 -5.62 -5.44 -5.7% -5.47
169 9 14 =5.42 kS -5.7 -5.79 -5.57 -5.45 -5.74 -5.46
150 10 14 ~5.37 =5.45 -5.64 -5.75 -5.,5 -5.44 -5.73 *5.43
211 1" 14 -5.3 -5.38 -5.58 -5.73 -5.38 -5.42 -5.71 -5.38
232 12 14 -5.23 -5.3 -5.51 -5.7 -4.98 -5.39 -5.68 -5.51
253 13 14 -5.14 -5.19 ~5.43 -5.64 -6.75 -5.34 -5.62 -5.22
7k 14 14 -5.02 -5.05 -5.3 -5.57 -4.72 -5.29 -5.54 -5.12
295 15 1% -4 .88 -4 .87 -5.11 -5.47 -4.87 -5.21 -5.43 -5,07
316 16 14 =4.69 -4.81 -4.74 -5.34 -5.16 -5.12 -5.26 -5.08
337 17 14 -4.41 ~4.23 -3.45 -5.18 -5.14 -5.01 -5.85 -5.03
358 18 14 -3.93 =417 -8.86 -4.96 -5.01 -4.B6 -6.5 -4.73
kT4 19 14 -2.55 ~4.21 -8.75 -4.65 -4.74 -4.69 -6.34 -3.74
400 20 14 -8.67 -4.88 -2.85 -4.14 -4.08 +4.58 -5.39 -5.42
421 21 14 -8.13 -8.54 -3.26 -2.77 -3.77 -5.1 -4.32 ~6.66
442 22 14 -1.62 -6.04 -5.28 -8.17 -4.57 -11.4 -3.9 -3.19
463 23 14 ~1.98 -1.52 -4.48 -7.69 -9.1 -12.3 -3.52 -4.96
484 24 14 -5.03 -2.15 -5.64 -1.73 -11.1 -6.9 -2.84 -4.53
505 25 14 -5.53 -7.87 -15.1 -1.71 -28 -8.08 -8.01 -5.87
526 26 14 -2.62 ~9.46 -80.5 -34.7 -112 -11.2 -8.93 -47.5
547 27 13 -9.73 -6.65 -22.3 -4 .69 -97.1 -5.75 -24.9 -25.2
S69 28 13 -9.24 -5.6 -172 -1.37 -12.4 -99.2 -31.9 -6.73
591 29 13 -130 -65.1 -158 -14,9 -12.7 -78.3 =23 =-1.47
613 30 13 -128 =74 -66.6 -387 -10.5 -14.6 -18.9 -183
635 3 13 -40.7 =711 -221 =320 -44.5 -137 =145 -439
657 32 12 -23.4 -75.3 -240 -15.1 =200 -181 =301 -98.5
&80 i3 12 «10.3 -276 -279 -45.7 -179 -205 -202 -31.9
703 34 12 -158 -292 -267 ~96.2 -98.9 -20.3 -35.8 -25.9
726 35 12 -359 -20 =114 ~47.5 -178 -12.2 -24.3 -29.3
749 36 12 =164 744 -56,1 -38.4 -148 =408 -63.4 -289
772 37 12 -9.89 -93.7 -23.7 -41,3 -153 -386 -67.6 -259
795 i3 12 -2.52 -76.3 -233 ~290 -85.8 -23.6 -51 =1.74
818 39 12 -16.7 =110 -301 -200 107 -71.9 -18.5 -72.4
841 40 12 -19.3 ~47.2 -93.7 -11.7 -317 -101 -102 -72.9
854 41 12 =41 -9.94 -27.6 =12 -128 -53.3 =184 -6.34
887 42 12 -42.4 -14.2 -4%.6 =34 -5 -2.92 -54.6 -32.4
910 43 12 -5.57 -23.7 ~55.4 -50.7 -3.78 -37.5 -37 -222
933 44 " -14.5 -357 -104 -16.2 -11.7 -48.7 ~37.3 b4 4
957 45 10 -66.1 -28.8 -29.3 -7.2 -8.91 -6.47 -8.14 -10.3
982 46 10 -66.1 -37.8 -26.3 -2.54 -14.7 -2.03 -6.59 -15.3
1007 47 10 -3.42 -2.7 -2.69 -54.8 -33.7 -3.22 -13.8 -23.3
1032 48 10 -5.79 -6.06 -11.41 -74.3 -32.8 ~L6.4 -53.5 -10.4
1057 49 9 ~5.67 -3.97 -8.04 -13.19 -5.79 -33.7 -39.9 8.4
1083 50 8 -14.4 -4,58 -0.528 -8.86 -7.78 -13.7 -2.78 -14.6
1110 St 8 -13.5 -5.12 ~8.64 -3.81 -23.2 ~2.47 -5.37 -15.2
1137 s2 8 -2.66 4. 67 ~41.1 -184 -14.7 -3.7M -10.2 -15.9
1164 S3 7 -10.7 -2.38 -1.72 -9.44 -5.469 -23.9 =5.42 -3.32
1192 54 7 -9.65 -15.4 -2.13 +6.48 -10.4 -21 -16.9 -31.8
1220 55 (-] -7.88 -14.7 -2.04 -7.58 -25.8 -24.4 -16.7 -26.5%
1249 56 5 -3.23 -17.8 -9.78 -11.4 -0.352 -1.09 -2.15 -2.7
1279 57 5 ~3.75 -17.9 -60.8 -7.99 -25 -0.886 -0.935 -5.24
1309 58 5 -12.2 -17.8 -64.1 -5.45 -32.2 -9.03 -35.7 -32.4
1339 59 5 -139 =30 -15.3 -136 -19.9 -11.5 -34.6 -102
1349 60 4 -21.7 -6.87 -5.9 -89.9 -45.5 -19.6 -158 -83.2
1400 &1 3 -43.6 -3.75 -40.4 -22 -2.28 -259 =126 -9.17
1432 62 2 -113 =454 -42.9 -35.8 -189 -4 .49 -k 4b -17.6
1465 43 1 -7.59 -0.7468 -113 -11.5 -77.2  -D.594 -2.2 -3.85
1499 &4 1 -96.7 -0.554 -68.2 -11.6 =115 -8.56 -2.39 -1.82
1533 45 1 -102 -39.3 «1.78 -9.92 -55.6 -11.5 -0.74% -81
1567 66 1 -23.4 -37.4 -1.7M -6.1 -10.6 -36.2 -17.6 -81
1601 &7 1 -17.2  -0.448 -244 -64.7 -10.8 -39.1 =129 -3.66

------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : -2100.68 -2581.6 -3510.93 -2576.67 -2835.06 -2649.95 -2269.33 -2626.16
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Table 5.3. (Continued}).

Node # Columm  Row Fluxes: Run 17 Run 18 Run 19 Run 20 Run 2t Run 22 Run 23 Run 24

1 1 14 -2.63 -2.N1 -2.75 -2.98 -2.77 -3.04 -2.97 ~2.84

22 2 1% -7.29 -5.83 ~5.5 -5.97 -5.52 -6.08 ~5.94 -5.67
43 3 14 -7.8 -5.87 -5.5 -5.96 -5.84 -6.07 -5.93 ~5.67
&4 4 14 -6.68 -5.89 *5.5 -5.95 -6.17 -6.05 -5.M -5.66
85 5 14 -5,09 -5.84 -5.5 -5.93 -48.16 -6.03 -5.89 -5.85
106 6 14 ~5.43 -5.79 -5.5 -5.91 -5.83 -6 -5.87 -5.83
127 7 14 =5.44 -5.49 -5.49 -5.88 -5.5 -5.97 -5.84 -5.61
148 8 14 ~5.47 -5.59 -5.48 -5.84 -5.51 -5.92 -5.81 -5.59
169 9 14 -5.51 5.5 ~5.47 -5.8 -5.51 -5.87 -5.78 -5.54
190 10 14 +5.54 -5.4 -5.45 -5.73 -5.5 -5.8 -5.75 -5.51
211 1 14 -5.55 -5.27 ~5.43 -5.62 ~5.47 -5.7 -5.73 -5.35
232 12 14 -5.54 -5.07 -5.3¢9 -5.46 -5.44 -5.55 -5.7 -6.26
253 13 14 ~5.48 -4,72 -5.34 +5.13 -5.3¢9 -5.3 -5.67 -6.27
274 14 14 -5.33 -3.72 -5.28 -4.08 -5.32 -4.81 -5.62 -5.33
295 15 14 -4.73 -3.63 -5.2 -8.4 -5.23 ~3.06 -5.55 5.4
316 16 14 -7.5 -10.9 -5.11 -8.24 -5.1 -10.8 -5.4 -5.29
337 17 14 -7.46 -9.04 -5.03 -3.22 -4.95 -10.8 4,96 -5.18
358 18 14 -4.57 -2.51 “4.95 -5.11 ~4,78 -2.75 -6.67 -5.01
379 19 14 -5.04 -3.67 -4,85 -4,86 -4.61 ~4.22 -4.6 -4 .85
400 20 14 -5.03 -3.78 -4.51 ~3.26 ~4.41 b 4b -4.65 -4.66
£21 21 14 -4 .85 -3.74 -4.33 -3.33 ~4,14 -4.54 -4.37 -4.39
442 22 14 -5.02 ~3.57 -4,06 -11.1 -3.75 -4.62 -7.95 -3.98
463 23 14 -5.27 -2.85 -3.7M -11.4 -3.08 -4.73 ~8.05 -2.97
484 24 14 -5.43 -5.59 ~2.62 -3.35 -2.01 -4.72 =5.43 -3
505 25 14 ~4.33 -5.44 -4.31 -2.65 =7.43 -4.57 -10.9 -10.7
526 26 14 -11.3 «40.7 -14.7 -163 -8.35 -6.52 -13.2 -11.9
547 27 13 -5.72 -70.8 -71.8 -18.7 ~1.72 ~8.48 =23.4 -0.754
569 28 13 -3.58 ~149 =45.6 -15.3 -53.8 -10.4 -156 -0.767
591 29 13 -29.8 -320 -80.8 -7.54 -282 -28.2 -283 -65.2
413 30 13 -32.6 =129 -204 -15 =177 -106 -209 -71.8
635 k1] 13 -535 -362 -119 -105 =343 -177 -1 -639
457 32 12 -3.3 -84.5 -15.8 -9.26 -219 -94.2 -53.8 -36.5
480 33 12 -218 -45.3 -7.72 -17 -195 -47.5 -42.2 ~44 .8
703 34 12 414 -31.7 -21.9 -211 -10.1 -29.8 -9.54 -43.1
726 35 12 -1 -92.2 =112 =74.6 -6.97 -60 -95.4 -57.2
749 35 12 -3.76 -55.1 -99.9 -5 -48 -183 -92.9 =251
772 37 12 -2.73 -31.7 591 -65.9 -212 =147 -103 -181
795 33 12 -165 ~46.5 -52.3 -80.9 =142 -67.8 -216 -9.87
818 39 12 =150 -40.9 -7.58 -4.06 -53.8 -20.4 -73.1 -1.59
841 40 12 -15.9 -24.3 -79.5 -7.06 -108 -15.9 -6.05 -159
864 41 12 -222 -39.3 -85.3 -243 -77.2 -148 -16.9 -240
887 42 12 =216 42.5 -10.2 -166 -16.8 -171 -351 =156
Ll 43 12 -98 -153 -78.6 -293 -9.88 -2.59 344 =150
933 &4 1" -3.88 -80 -1 -79.6 -104 -13.3 -17.4 -26.7
957 45 10 «2.75 -7.89 -14.7 -22.4 -61.7 -4,13 -7 -13.4
982 46 10 -2.67 =1.47 ~5.56 -2.31 -35.6 -9.6 -12.7 -14.4
1007 &7 10 -5.02 -19.2 -26.7 -2.22 -39.3 -9.25 -9.32 -4.53
1032 48 10 -12.4 -41.6 -26.6 -15.4 -33.5 -96.2 -10.7 -31.3
1057 49 9 -6,79 -1.98 -12.5 =391 -35.3 ~5.53 -5.44 -B.94
1083 50 8 ~19.3 -1.54 -5.7% -1.22 -6.83 -11.8 -1.7 -3.5%
1110 51 ] -14.9 ~3.85 -4.65 -5.,59 -6.92 -10.6 -4.69 -37.4
1137 52 8 -6.5 -9.27 =141 -6.76 -45.,5 -9.56 -42.5 -53.3
1164 53 7 -3.76 -8.3 +3.94 -11.8 -4.98 -3.2 -6.07 -3.27
1192 54 7 4,19 -10.7 =129 -26 -8,22 -8.23 -32.5 -17.9
1220 55 6 -1 -2.17 -9 -16.8 -8.1 -6.52 -30.9 -15.6
1249 1 5 ~11.1 -30.6 -3.76 -10.7 -6.,55 -6.22 -1.52 ~9.97
1279 57 5 64,2 -28.4 -30,2 -7.18 -7.66 -27.5 -5.11 -5.99
1309 S8 5 ~38.1 -3.44 47.7 -83.8 -15.4 +25.4 -31.3 -48.7
1339 59 5 -8.33 -3.37 -22.2 -66.6 -20.4 -12.2 -74.3 -89.2
1369 &0 4 -32 =771 -18.5 -57.5 -20.5 -38 ~140 -22.9
1400 61 3 -B4 -31.2 =111 -58.4 -128 -152 -7.52 -17.7
1432 62 2 -14.9 -1.59 -13.2 -7.17 ~161 -7.53 -10.2 -3.56
1465 63 1 -10.7 -2.48 -0.501 -4 .54 -4.66 -8 -12 -33.1
1499 &4 1 -11.9 -2.8 -7.55 +1.,25 -15.7 -4.23 -95.8 -24.1
1533 &5 1 -78.9 -2.2 -32.9 -57.4 -17.3 -94.1 -63.9 -103
1567 &6 1 =144 -0.601 -27 ~43.6 -69 -127 -6.72 =119
1401 &7 1 -85.2 -458 -65.6 -5.7 -69 ~5.35 -8.42 -2.49

------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : -3112.19 -2716.08 -2021.78 -2469.62 -3017.17 -2178.7 -2988.44 -2961.53
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Table 5.3. (Continued).
Node # Column Row Fluxes: Run 25 Run 25 Run27 Run28 PRun29 Run 30 Run 31 Run 32

1 1 14 -2.87 -2.87 -2.93 =3.11 -2.93 -2.74 ~-2.85 -2.82
22 2 14 -5.74 -5.73 -5.87 ~6.22 -5.87 -5.48 -5.69 -5.64
43 3 14 -5.74 -5.73 -5.88 -6.25 -5.87 ~6.4 ~5.68 -5.63
64 4 14 -5.73 -5.72 -5.86 -5.86 -5.9 -7.33 -5.48 -5.63
85 5 14 -5.72 -5.69 -5.82 -5.48 ~3.97 -7.27 -5.66 -5.,862
106 [ 14 -5.71 -5.65 -5.74 -5.52 -6.02 -6.26 -5.85 -5.6
127 7 14 -5.7 -5.62 -5.65 -5.55 ) -5.21 -5.63 -5.59
148 8 14 -5.68 -5.58 -5.55 -5.55 -5.89 -5.16 -5.4 -5.58
169 @ 14 -5.85 -5.55 -5.46 -5.53 ~5.77 -5.15 -5.57 -5.65
190 10 14 -5.61 -5.51 -5.41 -5.5 -5.68 -5.12 -5.53 -5.8
21 1 14 -5.54 -5.46 -5.38 -5.45 ~5.59 -5.06 -5.49 -5.93
232 12 14 ~5.47 -5.4 -5.14 -5.38 -5.44 -4.97 ~5.43 -5.9
253 13 14 -5.32 -5.33 -3.49 -5.2¢9 -5.01 ~4.83 -5.36 =5.7
274 14 14 -5.02 -5.23 -9.93 -5.17 -6,72 -5.28 -5.28 -5.47
265 15 14 -3.99 -5.1 -%.85 -4.99 -6.65 -5.77 -5.17 ~5.29
316 16 14 -8.1 -4.92 -3.09 -4.72 -4,77 -5.66 -5.04 -5.19
337 17 14 -7.9 ~4.63 -4.25 -4.22 -5.02 -4.93 -4.88 -5.06
358 18 14 -2.76 -4.12 -4,42 -2.65 -4.97 -4.13 -4.88 -4.9
379 19 14 -6.33 -2.58 -4,36 -8.48 -4.84 -3.87 -4.89 -4.68
400 20 14 -6.71 -8.52 4,17 -8.53 -4.63 -3.46 -6.67 -6,37
421 21 14 -3.9 -10 -3.86 -1.64 -4 4k -3.01 -4.2 -4.09
442 22 14 -4.26 ~3.45 -3.25 -1.62 -3.41 -2.1 -3.57 -4.52
483 23 14 ~3.63 -4.17 -3.53 -5.85 -8.96 -10,9 -3.2 -4.01
484 24 14 -6.68 -5.15 -2.58 -9.83 -9.67 -12.9 -2.82 -2.47
505 25 14 -7 -n -n -5.49 ~31.4 -3.81 -3.16 -8.48
526 26 14 -10.8 1.7 -31.7 -9.28 -27.6 -7.5 ~11.1 -10.2
547 27 13 -12 -1.62 -5.99 2.5 -3.07 -1.63  -0.351 -11.2
569 28 13 -11.5 -3.12 -3 -37.1 -21.9 =170 -37.1 -10.6
591 29 13 =345 -109 -1.76 -117 ~-115 -190 bbb -185
613 30 13 =312 -83.7 =141 =212 -B4.2 -15.1 -3.15 -1%0
635 n 13 -35 -109 -4T2 =217 -177 -191 -678 -109
657 32 12 -5.3 -9.6 -181 -19 -8.43 -51.7 =149 ~64.7
480 33 12 -75.3 -79.6 -54.2 ~288 ~405 -37.1 =125 -6.9M
703 34 12 -T2 -49.9 -126 -297 =333 -18.4 -48.6 -46.6
726 35 12 -75.3 -69.3 +125 ~9.85 -48.1 -500 -51 -66
749 35 12 -218 ~5.83 -95.8 -20.2 -9.51 -483 -45.7 -47.3
72 37 12 -97.8 -5.56 -57.1 -32.8 -1 -27.4 -72.,2 -65.6
795 33 12 -89.9 -121 -39.2 -38.8 -36.2 -32.5 -70.4 -66.9
818 39 12 -69.8 -173 -28.7 -26.6 -327 -17 -70.2 44,2
841 40 12 -53.7 -127 =10.4 -146.9 -278 -9.46 -94.9 -47.7
844 41 12 -43,7 ~74.2 -B.42 -23.8 -2.17 ~73.6 -107 -57.1
887 42 12 -7.51 -127 ~4,49 -33.7 -58.2 =143 =142 -a.9
910 43 12 -300 =122 -84.3 =101 -51.6 -88.3 -131 -292
933 14 1 -10.5 -2.28 -13.1 -70.8 -51.8 -17.5 -23.2 -18.2
957 45 10 -6,06 -29.7 -40.1 -0.537 -35.7 ~16.4 -17 -12.%
82 46 10 -6.28 -29.1 -39.5 -29.1 -41.7 -12 -12 -13.3
1007 47 10 ~21.5 -28.5 -8.78 -24.2 ~45.2 -4.06 -6.29 -5.09
1032 48 10 -29.3 -28.7 -9.72 -12.4 -20 -10 -8.82 -14.6
1057 49 9 -19.8 -11.8 -1.26 ~8.68 -25.8 -8.66 -7.07 -21.1
1083 )] 8 -15.7 -3.86 -1.48 -5.82 -0.77 -0.392 -2.2 -18.5
1110 51 8 -12.8 -15.7 -27.5 ~3.48 -38.1 -3.07 -8.32 -7.24
1137 52 8 -17.1 -18 -36.3 4.9 -67.2 -76.1 ~9.48 -9.08
1164 53 7 -7.64 4.2 -8.06 -9.43 -40.8 -20.2 -2.36 -18.5
1192 54 7 -49.8 ~50.2 -12.8 -25 -5.77 -15.5 -16.8 -30.7
1220 55 é -23.9 -76.9 ~5.49 -26 -39.2 -14.6 -31.3 -7
1249 56 5 -1.58 -34.3 -2.25 -8.65 -2,65 -17.9 -0.46 -0.187
1279 57 5 -25.4 -38.1 -1.17 -6.56 -7.05 -40.3 -14.5 -2.93
1309 58 5 ~29.3 -10.3 -26.7 -15.1% -7.84 -34.6 -28.3 -26.5
1339 59 5 -69.6 -37.8 -29 -12.8 -24.4 -28.6 =116 -26.7
1369 60 4 -294 -22.9 «251 -3.7M -154 -26.6 -3.41 -12
1400 6% 3 -1.19 -41.6 -8.91 -98.3 -67.8 -17.9 -104 -146
1432 62 2 -120 -5.5 -3.3 -91.1 =104 -24.8 -13.1 -61.6
1465 &3 1 -0.287 ~2.51 -12.3 -16.8 -20.2 -63.7 -18.3 -15.9
1499 &4 1 -0.323 -23 -12.2 -51.2 “47.3 -50.3 -18.5 -16.3
1533 65 1 -69.3 -51.6 -5.6 -22.6 -21.6 -9.34 -2.68 -26.2
1567 &6 1 ~B4.1 -71.1 -23 -4.29 -44 .8 -24.2 -31.% -30.9
1601 &7 1 -29.1 -38.5 -21.5 -17% -41.5 -24.2 -2 -16.4

------------------------------------------------------------------------------------------------------------

sum of Fluxes (Run) : -2915.96 -2180.99 -2203.756 -2371.07 -3117.58 -2758.37 -2543.27 -2062.35
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Table 5.3. {(Continued).

Node # Column Row Fluxes: Run 33 Run 34 Run35 Run 38 Run 37 Run38 Run 39 Run 40

1 1 14 -2.91 -2.88 -3.05 -2.84 -2.% -3.,43 ' -2.8 -2.8

22 2 14 -5.82 -5.75 -6.17 -5.48 -5.82 -6.85 -5.58 -5.58
43 3 14 -5.81 ~5.73 -6.3 -5.86 -5.82 -6.62 -5.5 -5.56
bb 4 14 -5.8 -5.69 -6.25 -5.64 -5.81 -6.07 -5.32 -6.03
85 5 14 ~5.79 -5.64 -6.03 -5.6 -5.81 -5.55 -4.69 -6.52
106 é 14 -5.78 -5.68 -5.78 -5.53 -5.8 -5.54 ~7.42 -6.48
127 7 14 ~5.77 -6 -5.6 -5.4 -5.81 -5.57 -7.39 -5.84
148 8 14 -5.77 -6,29 ~5.48 -5.13 -5.84 -5.59 -4.56 -5.19
169 9 14 -5.76 -6.14 -5.5 ~4.12 -5.91 -5.59 -5.1 -5.19
190 10 14 -5.75 -5.72 ~4.99 -8.75 -5.02 -5.59 -5.19 -5.17
211 " 14 -5.73 -5.34 -3.83 -8.7 -5,08 -5,57 -5.2 =5.14
232 12 14 -5.71 -5.26 -9.28 -3.97 «6.04 «5.54 -5.16 -5.08
253 13 14 -5.68 -5.14 -9.28 -4.85 -5.89 -5.49 -5.09 -5.99
274 14 i4 -5.64 -4.91 -3.83 -4.97 -5.67 -5.44 -4.99 -4.86
295 15 113 -5.58 ~4.46 -4.9 -4.NM =5.44 -5.37 -4 .86 -4.68
3146 16 14 -5.5 ~2.89 -5.02 -5.14 -5.2 -5.28 -4 .64 -5.08
337 17 14 =5.4 -9.52 -4.96 -5.36 -4 .89 -5.17 -4.33 -5.54
358 18 14 -5.27 -9.44 -4.85 -5.17 =4 .45 -5.04 -3.51 ~5.24
kT4 19 14 -5.1 «2.39 -4.74 -4.54 -3.469 -4 .86 -5.69 -4.92
400 20 14 4.9 -3.5 -4.81 -3.74 -2.67 -4.82 -5.03 -4.57
421 21 14 -4 .67 =3.49 -4.,29 -2.76 -1.83 -4.79 -2.82 -3.63
442 22 14 444 -3.2 -3 -6.07 -9.84 -4 .24 -11.5 -2.38
463 23 14 =414 -2.72 -5.58 -6.23 -13.2 -8.22 -8.59 -4.61
484 24 14 -2.7 -1.64 -8.4 -2.44 -2.49 -12.3 -2.19 447
505 25 14 =14.9 -5.9 -3.88 -8.31% -2.69 ~8.42 -4.77 -5.45
526 26 14 -24.9 -23 -36.1 -39.1 -9.31 -42.2 -7.11 -62.1
547 7 13 -14.1 -13.7 -3.85 -12.9 ~42.2 -14.5 -23.3 -18.1
549 28 13 -16.5 ~100 -73.4 =3.47 -356.2 -9.84 -21.2 -
591 29 13 -3.09 -120 -65.4 -68.9 -97.1 -11.3 =174 =134
613 30 13 -11.5 -213 -6.98 -103 -98.7 -58.4 -193 -78.5
635 3 13 =453 =499 -160 -448 -8.6 -134 -36.9 =199
657 32 12 -4.09 =176 -6.08 -138 -129 -31.7 -1 ~79.4
680 33 12 -56.6 -123 -116 -166 -188 -6.5 -58.9 -56.3
703 34 12 -92.1 -48.1 =140 -22.8 -72.4 -329 -74.3 -256
726 35 12 =40.4 -27.6 -30 -50.1 -59.7 -566 -14.3 =247
749 34 12 -40.7 -66.6 -43.2 -49.3 -58.5 =211 -241 ~24.3
e 37 12 -66 ~48.9 -155 -5.33 -17.5 -67.1 -215 -55.3
7995 38 12 ~34.9 -12.8 -135 -20.3 -134 -156 -27.7 =142
818 39 12 -13.3 -105 -29.2 -39.7 -155 ~Th.b =144 -91.6
841 40 12 -32.8 -153 -28.8 ~147 -16.3 -91.7 =111 -63
B854 41 12 =46.4 ~59.3 -7.48 =357 =204 -84.5 ~-12.9 ~50.1
887 42 12 -99.1 -8.14 =143 244 -206 -108 -37.7 -26.1
910 43 12 -65.4 -129 -201 -48.6 -22.9 -161 -152 -45.1
933 &4 i1 -26.7 -40.8 -33.3 -16 -24.7 -82.3 -26.5 -20.6
957 45 10 ~11  -0.28% -8.41 -9.99 ~4.13 -5.84 -22.6 -13.2
982 46 10 -24.3 -5.04 -7.62 -3.37 -2.62 -26.1 -0.528 -4.81
1007 &7 10 -17.9 -4.B9 -12.1 -2.73 -14 -20.6 -3.25 -2.32
1032 48 10 -81.9 -8.23 -21 -73.1 -14.8 -68.9 -5.72 -20.6
1057 49 9 -38.4 -18 -15.2 -13 -5.856 -36.7 -7.73 -5.76
1083 50 8 -25.2 -1.89 -3.13 -1.7 -34.1 -1.12 -7.51 -12
1110 51 8 -8.67 -1 -4.03 -39.5 -34.6 -13 -8.06 -11.4
1137 52 8 -38.6 -22.9 -21.7 -30.5 -5.7 -20.7 -6.32 +15.4
1164 53 7 -18.7 -1.27 -16.8 -2.79 -26.6 -9.58 -18.1 -3.35
1192 S& 7 -24.4 -14.5 -11.8 -5.49 -23.3 -20.1 -59.5 -14.5
1220 55 & -19.1 -10.7 -15.8 -14.1 -12.2 -11.7 -18.2 -4.61
1249 56 5 ~6.44 -4.84 -13 -1.22 -3.29 -78.4 -1.41% -7.48
1279 57 S -B.44 -3.35 -2r.7 -13.5 -10.4 -60.7 -13.8 -13.9
1309 58 5 -16 ~4.77 -28.4 ~33.5 -10.9 -7.1 -31.4 -20.4
1339 59 5 -5 -42.2 -3.18 -48.4 -13 -11.3 -50.5 -125
1369 &0 4 -32.8 -26.4 -11.1 -23.9 -9.76 -124 -34.1 -122
1400 &1 3 ~22.4 -200 -7.61 -13.1 -79.6 +10.1 -46.5 -18.2
1432 62 2 -6.55 -16.3 -256 -29.9 -357 -19.8 ~-37.3 -5.68
1465 &3 1 -25.7 4.2 -93.2 =197 -54 -39.2 -5.2 -34
1499 b4 1 =113 -4.33 =105 - 144 ~7.93 -31.2 -1 -35.5
1533 &5 1 -105 -1.29 -6.27 -8.76 -6,51 -16 -238 -20
1567 66 1 -189 -174 -17.8 -9.29 -1.69 -20.9 -96.3 -58.8
1601 &7 1 -162 =166 -8.54 -81.1 -10.4 -40.7 -13.1 -43.7

------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : -2337.42 -2858.68 -2269.99 -2908.96 -2457.12 -3080,13 -2549.87 -2498.09
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Table 5.3. (Continued).

Node # Column Row Fluxes: Run 41 Run 42 Run 43 Run&éd Run &5 Run 45 Run 47  Run 48

1 1 14 -2.97 -2.74 -3.22 -2.96 -2.8 -2.93 -3.18 -3.04

22 2 14 -5.9 *5.47 -6.43 -5.92 +5.6 -5.86 -6.34 -6.03
43 3 14 -5.82 -5.47 -6.29 -5.91 -5.59 -5.85 -6.21 -5.91
64 4 14 -5.76 ~5.45 -5.9 -5.9 -5.57 -5.84 -5.96 -5.49
85 5 14 -5.72 -5.44 -5.52 -5.88 «5.53 -5.82 -5.7M -5.35
106 6 14 -5.71 -5.461 =5.4 -5.86 -5.49 -5.8 -5.58 -4 .46
127 7 14 -5.71 -5.38 -5.4 -5.83 -5.44 -5.76 -5.58 -8.2
148 8 14 -5.73 -5.34 -5.41 -5.8 -5.38 -5.71 +5.55 -8.18
169 9 14 -5.77 -5.3 -5.4 -5.77 -5.31 -5.45 -5.53 -4.36
190 10 14 -5.79 -5.23 -5.38 -5.73 -5.2 -5.55 -5.51 -5.13
211 1 14 -5.76 -5.15 -5.33 -5.68 -5.06 -5.42 -5.47 -5.3
232 12 14 -5.7 -5.02 -5,25 -5.62 -4.78 -5.17 -5.42 -5.35
253 13 14 -5.61 -4.81 -5.12 -5.54 -5.9 -b bl -5.35 -5.35
274 14 14 -5.53 4.2 4.9 «5.44 -6.04 -6.36 -5.26 -5.31
295 15 14 -5.46 -6.47 -4,48 -5.3 -5.04 -5.2 -5.16 -5.25
316 16 14 -5.38 -6.34 -3.2 -5.1 -4.63 -8.44 -5.02 -5,16
337 17 14 -5.28 -3.72 -7.03 -4.Th -4.68 ~8.65 -4.86 -5.04
358 18 14 ~5.14 -3.95 -6.11% -3.72 -5.15 -2.59 -4.67 -4.89
379 19 14 -5.03 -3.74 -6,69 -7.37 -4.96 ~2.56 -4.43 -4.69
400 20 14 -4 .86 -3.35 -10.8 -7.18 4. 14 -7.79 -4.19 -4 44
421 21 14 =441 -2.73 -4.02 -2.85 -3.67 -7.6 -3.93 -4.12
442 22 13 -3.2 -1.85 -3.16 -3.09 -3.89 -3.32 -3.47 -3.M
463 23 14 -12.9 -1.02 -3.53 -2 -3.67 -4.39 -4.41 -3.17
484 24 14 -11.5 -25.2 -1.48 -8.31 -7.09 -3.72 -4.78 -2.97
505 25 14 -3.42 -25.6 -1.6 -13.5 -9.7 -4.31 -4.02 -5.83
526 26 14 -11.5 -2.89 -39.8 -19.2 ~7.54 -5.69 -5.54 -B.74
547 27 13 -8.19 ~4,98 +12.1 -90.1 -3.89 -1.61 -2.78 -3.86
569 28 13 -62.9 -50.6 -77.1 -64.1 -70.4 -23 -17.2 -18.4
591 29 13 ~64 .4 -81.4 =179 -83.3 -81.9 -21.3 -17.3 -23.5
613 30 13 -418 =310 =177 -83.4 -88.8 -436 -1.7 -8.53
635 31 13 -310 -359 =151 =407 =150 -786 ~408 -237
657 32 12 -122 -94.7 -29.9 116 -237 -15.7 -24.3 -32.1
480 33 12 -192 -28.2 -38.1 -47.2 -194 -60.6 -47.6 -180
703 34 12 =170 -74 -107 -43.2 -92.3 -57.5 -52.4 -180
726 35 12 =102 =11 -103 -101 -216 -10.3 -7.8 -53.5
749 34 12 -5.44 -79.5 -13.4 =100 ~164 -12.2 -18.9 -16.2
e 7 12 -8B.6 -50.4 -387 -71.8 -36.3 -53.4 -110 -7.12
795 38 12 -96.6 -103 -328 -91.4 -10.3 -253 -91.6 -92.4
818 39 12 -17.7 -224 -89.6 -75.6 -98.2 -142 -83.3 -15¢
841 40 12 -101 ~144 .7 -57.9 ~79.6 -111 -348 -56
864 41 12 -113 -6.5 -17.3 -9 -202 -96.1 -243 -74.3
BB7 42 12 -69.3 -6.36 ~27.2 ~-105 -163 -14.8 -43.2 -77.2
210 43 12 -136 -47.2 -49.2 -79.2 -39.4 ~9.9 -13.3 -206
933 44 1 -40.3 -50.3 +33.7 -21.2 -7.73 -10.9 -21.4 -5.03
957 45 10 -7.49 -43.5 -3.59 -2.24 -3.54 -33.1 -18.5 -4.81
o82 46 10 -8.96 -52.1 -5.11 -15.7 -4.21 -23.9 -1.34 -5.28
1007 &7 10 -4.69 -29 -15.9 -18.2 -4.42 -4.56 -31.9 -6.2
1032 48 10 -15.7 -30 -25 -20.4 -23.3 -16.3 -34.8 -15.5
1057 49 9 -16.2 -39.9 -12.1 -29.1 -7.42 -9.02 -6.76 -24.8
1083 50 8 -9.97 -4 .85 -4.7 -5.1 -4.37 -1.44 -2.35 -17.4
1110 5t 8 -7.41 -10.8 -6.43 -7.04 -3.11 -51.3 -1.88 -7.51
1137 52 8 ~17.4 -19.4 -15.9 -9.1¢9 -5.3 -57 -15.5 -9.82
1164 53 7 -T7.67 -26.1 -17.2 -10.5 -11.7 ~7.32 -3.21 -4.T2
1192 54 7 -15 -12.8 -14.4 -20.2 -16.2 -16.9 -57.9 -10.9
1220 55 & ~37.4 -8.39 -17.2 -10.7 =50 -26.3 ~-23.8 -8.49
1249 56 5 -32.3 -9.22 -29.6 -18.1 -11.3 -17.9 -10.é -3.72
1279 57 5 -14.2 -63.3 -10.4 -23 -29.4 =14 -17.8 ~3.05
1309 58 5 -41.6 -57 -52.7 -7 -1 -19.7 -10.3 -40.1
1339 59 5 -90.4 -9.22 -57.6 -61.6 -18.7 -47.7 -12.4 =175
1369 40 4 -59 -18.1 -32.9 -7.21 -8.31 -63.8 -15.9 -10.6
1400 81 3 -4.93 -4.94 -41.4 -52.4 -2.51 -22.1 -16.5 -34.7
1432 62 2 -54.5 -69.8 -163 =147 -263 -15.8 -23.5 -65.5
1465 &3 1 -52.6 -61.9 -15.4 -247 -16.4 “5.97 -66.2 -13.9
1499 64 1 «55.7 -58 -13.7 -128 -4.04 -12.1 -45.7 -25.3
1533 45 1 -79.2 -102 4,45 -6.12 «25.1 -14.9 -47.3 -13.2
1567 66 1 ~44.5 -5.14 -6.75 -10.5 -21.% -21.2 -53.2 -2.96
1601 &7 1 -48.5 -55.8 -61.8 -9.71 -43.9 ~451 -26.4 -69.4

------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : -3000.51 -2813.87 -2704.94 -2755.62 -2701.6 -3249.04 -2226.81 -213B.47



Table 5.3. (Continued).

Node # Colum Row Fluxes: Run 4% Run 50 | Node # Min, Flux Max. Flux Avg. Flux Flux std. dev,

1 1 14 -3.04 -2.65 1 -3.8 -1.64 -2.952 0.305

22 2 14 -6.03  -5.22 22 -9.52 -5.22 -6.002 0.640

43 3 T4 -5.91 -4.87 43 -9.56 -4.87 -5.9M1 0.657

&4 4 14 -5.69 -3.3 &4 -7.33 -3.3 -5.788 0.555

85 5 14 +5.35 -10.9 a5 -10.9 ~4.69 -5.842 0.83%9
105 ) T4 -4.46 10,9 106 -10.9 ~h.4b -5.793 0.848
127 7 14 -8.2 -3.32 127 -8.2 -3.32 =5.740 0.673
148 8 14 -8.18 4.9 148 -8.18 -4.56 -5.694 0.585
169 9 14 -4.36 -5.29 169 -6.39 ~4.12 -5.509 0.385
190 10 14 -5.13 -5.43 190 -8.75 -4.99 -5.576 0.501
211 " 14 -5.3  -5.49 21 -8.71 -3.83 -5.495 0.556
232 12 14 -5.35 5.5 232 -9.28 -3.97 -5.451 0.642
253 13 14 -5.35 -5.47 253 -9.28 -3.69 -5.382 0.714
276 14 14 -5.31 -5.43 274 -9.93 -3.12 -3.297 2.9
295 15 14 -5.25 -5.37 295 -10.6 -3.06 -5.383 1.259
316 16 14 -5.16 -5.26 316 -10.9 -2.89 -5.595 1.685
337 17 1% -5.04  -5.08 337 -10.8 -2.72 -5.438 1.543
358 18 14 -4.89 -4.84 358 -9.44 -2.51 -4.810 1.305
e 19 14 -4.89 “4.94 37 -8.75 -2.33 -4 . 684 1.345
400 20 14 -4 .44 -5.09 400 -10.8 -2.67 -5.000 1.704
421 21 14 <4.12 -4.88 421 =10 -1.64 -4.405 1.684
442 22 14 -3.7M -4.56 442 -20.7 -1.62 -4.910 3.219
463 23 14 -3.17 -4.29 463 -19 -1.02 -5.527 3.522
L84 24 14 -2.97 -3.65 L84 -25.2 -0.997 =5.451 4.164
505 25 14 -5.63  -2.72 505 -31.4 -1.16 -8.204 6,357
526 26 14 -8.74 -2.02 526 -163 -2.02 -23.834 28.590
547 27 13 -3.66 “42.1 4T -97.1 -0.351 -18.532 22.887
569 28 13 -18.4 -49.3 569 -173 -0.767 -45,837 4B.446
591 29 13 -23.5 +7.14 591 =345 -1.47 -93.052 BB.5643
613 30 13 -8.53 =197 613 -436 -1.7 ~142.744 114.539
635 3 13 -237 =213 635 -786 -8.6 -257.736 177.007
657 32 12 -32.1 -10.5 657 =301 -3.3 -81.462 77.189
680 33 12 =180 -2.85 680 -405 -2.03 -110.678 90.506
703 34 12 -180 -2,35 703 -414 -2.35  -110.049 102.407
726 35 12 -53.5 -214 726 -566 -6.05  -101.826 113.859
749 36 12 -16.2 -253 749 -483 -3.76  -106.887 104.782
772 37 12 712 -73.7 e -387 -2.73 -99.851 93.547
795 3a 12 -92.4  -T4.B 795 -328 -1.7 -88.147 74.037
818 39 12 -15¢9 -66.1 818 -440 -0.752 -89.504 88.377
841 40 12 =56 -89.5 841 =480 -2.98 -90.860 92.278
854 41 12 -74.3 -58.9 854 -357 «2.17 -87.446 83.488
asgy 42 12 -77.2 *91.9 as7 -351% -2.92 -85.523 76.438
10 43 12 -206 =110 910 -344 -2.59 -103.566 84.175
933 44 11 -5.03 -43 933 -357 -2.28 -43.313 57.294
957 45 10 -4.81 -2.17 957 -66.1 -0.285 -13.996 16.721
982 46 10 -5.28 -7.72 982 ~66.1 -0.253 -14.577 14.598
1007 47 10 -6.2  -4h.6 1007 -54.8 -2.22 -15.135 12.650
1032 48 10 -15.5 -59.9 1032 -96.2 -4.84 -27.343 21.885
1057 49 9 -24.8  -0.4487 1057 =41.1 -0.467 -16.652 11.976
1083 50 8 -17.6 -11.5 1083 -34.1 -0.392 -8,669 7.5665
1110 51 8 -7.51 -8.22 110 -51.3 -0.908 -11.599 10.946
137 52 8 -9.82  -1.49 137 -184 -1.49 -23.900 28.675
1164 53 7 -4.72 -1.8 1164 -40.8 -1.27 -9.625 7.787
192 54 7 -10.9 -15.4 1192 -166 -2.13 -24.163 28.480
1220 35 6 -8.49 -6.31 1220 -76.9 -2.04 -18.567 15.230
1249 56 5 -3.72  -0.565 1249 -78.4 -0.187 -11.057 13.759
1279 57 5 -3.05 -10.4 1279 -63.3 -0.866 -19.024 17.184
1309 58 5 -40.1 -73.2 1309 ~95.1 -3.464 -27.974 19.652
1339 59 5 -175 -67.9 1339 =175 -3.18 -51.425 64.164
1369 60 4 -10.6 -7.12 1349 -294 -3.461 -52.395 61,747
1400 61 3 -36.7  -26.4 1400 -299 -1.19 -49.280 58.957
1432 62 2 -65.5 -19.3 1432 =454 -1.59 -67.842 93.55¢
1465 &3 1 -13.9 -21.4 1465 =247 -0.287 -33.905 49.932
1499 64 1 -25.3 «17.6 1499 ~144 -0.323 -39.158 39.798
1533 65 1 -13.2 ~4.Th 1533 -238 -0.537 -38.388 47.288
1567 66 1 -2.96  -85.8 1567 -280 -0.601 -56.946 57.304
1601 67 1 -69.4 -123 1601 -458 -0.448 -82.542 104.084

---------------------------------------------------------------------------------------------------------------------

Sum of Fluxes (Run) : ~2138.47 -2341.71 =4344.73  -2021.781  -262B.726 425.629
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6 CONTAMINATION CHARACTERIZATION AND EVALUATION

The sampling and analysis performed for the RFI have delineated
the extent and concentrations of constituents in soil, groundwater,
sediments, and surface waters of the Brandywine Creek. This
information and the results of the hydrogeologic investigation provide
the basis for defining the source areas, for identifying activities
that have contributed to the dissemination of contaminated material,
and for describing the migration pathways. Analysis of the data has
helped to quantify the amount of contaminants that may discharge to
Brandywine Creek.

The concentrations of constituents present on site are typical of
industrial areas. The impact on Brandywine Creek, the only potential
off-site receptor, is too small to be measured.

The remainder of this section summarizes much of the information
contained in previous sections of this report. It places this
information in the context of recently published proposed rules for
Hazardous Waste Management Facilities (Corrective Action for Solid
Waste Management Unit at Hazardous Waste Management Facilities;
Proposed Rule, Federal Register, July 27, 1990) hereafter referred to
as EPA’s Proposed Rule. In particular, it indicates that certain
polyaromatic hydrocarbons (PAHs) are present in soil above conservative
action levels and that certain volatile organic compounds (VOAs) are
present in groundwater above action levels promulgated by USEPA.
Exceedence of these action levels does not necessarily require
corrective action. However, it does require further evaluation for
which a recommended approach is outlined.

6.1 SOURCE AREAS

Although several potential sources were identified as part of the
records search, only two sources have been confirmed by this
investigation. The primary source area for volatile compounds and PAHs
appears to be the former burning area near Building 311. The secondary
source is along Creek Road where ash from the burning ground was most
likely used as fill material when the former Building 255 was
demolished and removed sometime between 1948 and 1955. Samples of soil
in the vicinity of the former burning ground were consistently high in
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concentrations of PAHs and volatiles relative to other areas of the
site. More convincingly though, the highest concentrations of volatile
compounds in groundwater occur below areas between the burning ground
and the creek.

Fill material used for roadbeds and parking areas most likely was
borrowed from the burning ground area. The types of constituents found
in the two areas are similar. Where ash material has been sampled from
the fill, its concentrations of PAHs and volatiles are as high as those
observed in the burning ground area. The similarity in both the types
of contaminants and the concentrations indicates a common source for
the burning ground material and the ash in fil1l areas along Creek Road.

The contaminants observed in soil and groundwater would be
expected to be present below an area used for burning spent solvents
and other materials. Additionally, residual material from the burning
operations would have faormed ash.

6.2 EXTENT AN F_CONTAMINATION

Detectible levels of PAHs, volatile compounds, pesticides, and
metals are present in many of the soil samples. With the exception of
PAHs, none of the contaminant classes present any significant concern
at the site. Tables 6.1 and 6.2 show maximum concentrations of
volatile constituents and metals that have been found in on-site soils.
For comparison purposes, those maximum concentrations are compared with
action levels set forth in EPA’s Proposed Rule. Berylilium and
tetrachloroethylene are only slightly above the action levels. Because
these levels are based on the maximum observed concentration, they are
not of concern.

EPA has not set action levels for any of the semivolatile
components detected on site. However, Appendix E of the Proposed Rule
provides a method for calculating the action level of a carcinogen if
the Oral Siope Factor is known. From the IRIS data base, the slope
factor for benzo(a)pyrene is 11.5 (mg/kg/d)-!. Using EPA’'s
methodology, an action ievel of 0.6 mg/kg is obtained for
benzo(a)pyrene. Several of the soil samples exceed this action level.
The maximum concentration of benzo{a)pyrene is 27 mg/kg.
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Table 6.1. Maximum concentrations of volatile organic
compounds detected in soil samples.

Constituent Max Action
Value Location Level!l
1,1,1-Trichloroethane 55 f-4a 700,000
1,1,2-Trichloroethane 160 c-2 100,000
1,1-Dichloroethene 240 c-2 8,000
Acetone 94 k 2 8,000,000
Acrolein 4 tb12/14 --
Acrylonitrile 5 tb12/14 1,000
Carbon disulfide 1 k- 8,000,000
Chloroform 34 e-2 100,000
Ethylbenzene 190 c-2 8,000,000
Methylene Chloride 720 c-2 90,000
Tetrachloroethene 13000 c-2 10,000
Toluene 290 c-2 20,000,000
Trans-1,2-Dichloroethene 4000 c-2 --
Trichloroethene 30000 c-2 60,000
Xylenes 1 k-2 200,000,000

***Note: chemicals never found above detection are not included here.

lFederal Register, Appendix A, Volume 55, No. 145, July 27, 1990
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Table 6.2. Maximum concentrations of metals detected in soil
samples.
k- — — =
Max Action
Value Location Level!
Arsenic 18.4 tp-6:3' 80
Barium 154 k-2 4000
Beryilium 0.41 tp-2a 0.2
Cadmium 3.8 tp-2a 40
Chromium 49.4 m-comp 400
Cobalt 19 tp-6:3’ --
Copper 173 k-2 --
Lead 73.5 k-2 --
Mercury 3 tp-2a 20
Nickel 30.1 k-2 2000
Selenium 0.68 tp-7b --
Silver 2.21 k-2 200
Vanadium 57.3 tp-7b --
Zinc 165 k-2 --

***Note: metals never found above detection are not included here.

!Federal Register, Appendix A, Volume 55, No. 145, July 27, 1990
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The ocoUrrence of the soil contamination correlates with (1) the
presence of ill material that includes ash, and (2) the location of
former burning ground. The majority of the fill material is covered by
pavement. In fact, each of the samples containing more than 10 mg/kg
of total semivolatiles was obtained from a sample site covered by
pavement.

6.3  EXTEND AND LEVELS OF CONTAMINANTS IN GROUNDWATER

Groundwater below the site contains volatile compounds at
concentrations that exceed action levels in EPA's Proposed Rule and
exceed MCLs. The highest concentrations occur in the area between
the former burning ground and Brandywine Creek. The relatively high
concentrations in this area point to the former burning ground as the
source area. The lack of significant concentration of volatiles in the
two wells upgradient of the former burning ground further confirms the
source identification.

Other constituents detected in groundwater include low
levels of biphenyl, biphenyl oxide, thalates, lead, zinc, and
1-2dichlorobenzene. None of these constituents occurs above the
levels of concern.

The maximum volatile concentration observed was 7700 ug/1 of
trichloroethene. The MCL for this constituent is 5 ug/1. The MCL is
based on the assumption that the groundwater wili be used for drinking
purposes. However, groundwater at the site is in a thin, low-yielding
water-bearing strata and, therefore, cannot be used for drinking
purposes.

6.4  EXTENT AND LEVELS OF CONTAMINANTS IN SEDIMENTS AND SURFACE WATER
No contaminants were detected in the samples of surface water.
Only methylene chloride was reported above detection limits. However,
methylene chloride also was reported for blanks, thus the results are not
reliable.
Sediment samples contain low levels of volatile compounds,
biphenyls,biphenyl oxide, and metals. The volatile compounds are
observed in areas that would receive surface drainage and groundwater
discharge from the former burning ground area. The highest levels of
metal are found in the sample taken at the western edge of the study
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area (Station 2). Beryllium is the only metal that exceeds the soil
action level set forth in EPA’s Proposed Rule.

The Tack of detectible levels of contaminants in the surface water
confirms that discharge of groundwater from the site has no impact on
water quality in Brandywine Creek. The analysis presented in Section 5
indicated that the flow of groundwater discharge in the study area is
1/10,000 that of the average creek flow. The quantity and levels of
contaminants found in groundwater below the site are so low that they
can not be detected in the Brandywine Creek.

6.5 RECOMMENDATIONS BA ON FINDIN

The soil, groundwater, and sediment data indicate concentrations
at a number of sample sites are above action levels set forth by EPA in
its Proposed Rule. The action levels in each case are based on
conservative assumptions that do not necessarily apply at the
Experimental Station Facility. Nonetheless, the Proposed Rule suggests
that a Corrective Measures Study (CMS) will be necessary for the site.

Based on the data collected during the RFI, the CMS should focus
on the following issues and concerns:

(1) Realistic exposure scenarios should be considered to
establish health-based criteria for remedial action. This is
particularly true for paved soils where access is restricted.

(2) Beryllium was 40 times higher than EPA’s action level for
soils in one of the sediment samples. This station should be
resampled. If confirmed, the source of the beryllium should
be determined. The extent and risk posed by beryilium in the
sediments should be defined.

(3) Depending on the results of the first two activities, the
feasibility of alternative remedial actions should be
assessed. The actions could include vacuum extraction,
groundwater pump-and-treat, soil capping, soil removal and
disposal at an approved facility, and institutional controls
to prevent exposure.

If a CMS is to be conducted, a plan must be developed for EPA’s review
and approval.
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Mr. Robert Stroud
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841 Chestnut Building, 3HW61
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Reference: RCRA Facility Investigation (RFI)
Du Pont Experimental Station

Dear Mr. Stroud:

Enclosed please find four copies of the Draft Fina! Report of the RCRA Facility
Investigation (RFI1) conducted at the Du Pont Experimental Station, Wilmington,
Delaware. The report consists of three volumes that contain the findings of the
investigation and all supporting documentation. The final report will be submitted
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Wilmington, DE 19898

Reference: GeoTrans Project No. 8788-000
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Dear Mr. Dorsman:

Enclosed please find eight copies of the Draft Final RFI report to
be submitted to EPA and the DNREC. Each report consists of three
volumes. I also have sent two copies to Dr. Calvin Chien. Attached is
a cover letter that should accompany the reports submitted to EPA after
it has been retyped on DuPont’s letterhead and received your signature.

Four copies of the report are due to Mr. Robert Stroud by Friday,
September 21, 1990.

If you have any questions, please do not hesitate to call.

Sincerely,
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Lisa L. August
Senior Hydrogeologist

LLA/js
ENCLOSURES

cc: C. Chien
C. Faust
C. Hsu

250 Exchange Place, Suite A, Herndon, Virginia 22070 USA
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WELL-MW-1B

TOTAL DEPTH (ft below ground surface):102.0

-

TOP OF CASING ELEV (ft. ms1):141.43

HYDRAULIC CONDUCTIVITY (ft./day):
<59x10°
POSITIVE DISPLACEMENT 5.9 X

NEGATIVE DISPLACEMENT Not applicable
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